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Chapter 1
Wage Dispersion, Compensation Policy, and the Role of Firms ∗
1.1 Introduction
Empirical work in economics stresses the importance of unobserved firm- and
person-level characteristics in the determination of wages, finding that these unob-
served components account for the overwhelming majority of variation in wages.
However, little is known about the mechanisms sustaining these wage differentials.
This paper attempts to demystify the firm-side of the puzzle by developing a statis-
tical model that enriches the role that firms play in wage determination, allowing
firms to influence both average wages as well as the returns to observed worker
characteristics.
A burgeoning literature exists focused on measuring employer wage differ-
entials. In nearly all of these studies, firm wage differentials are measured as a
firm-specific intercept: Groshen (1991) establishes the importance of establishment
∗This chapter reports the results of research and analysis undertaken by the U.S. Census Bu-
reau staff. This document is released to inform interested parties of research and to encourage
discussion. This research is a part of the U.S. Census Bureaus Longitudinal Employer-Household
Dynamics Program (LEHD), which is partially supported by the National Science Foundation
Grants SES-9978093 and SES-0427889 to Cornell University (Cornell Institute for Social and Eco-
nomic Research), the National Institute on Aging Grant R01 AG018854, and the Alfred P. Sloan
Foundation. The views expressed on statistical, methodological, and technical issues are those of
the author[s] and not necessarily those of the U.S. Census Bureau, its program sponsors or data
providers. Some or all of the data used in this paper are confidential data from the LEHD Program.
The U.S. Census Bureau supports external researchers use of these data through the Research Data
Centers (see www.ces.census.gov). For other questions regarding the data, please contact Jeremy
S. Wu, Program Manager, U.S. Census Bureau, LEHD Program, Demographic Surveys Division,
FOB 3, Room 2138, 4700 Silver Hill Rd., Suitland, MD 20233, USA. (Jeremy.S.Wu@census.gov
http://lehd.dsd.census.gov).
1
wage differentials relative the inter-industry wage differentials; Groshen and Levine
(1998) measure the magnitude and persistence of firm- and occupation-wage differ-
entials in an attempt to assess the importance of internal labor markets; Bronars
and Famulari (1997) provide evidence of employer wage differentials in their inves-
tigation of the determinants of wage levels and wage growth; while Abowd et al.
(1999) use employer-employee connected data to implement a technique for estimat-
ing a wage model with both firm and person effects. These differentials are often
decomposed into the portion explained by observed firm characteristics, for exam-
ple, industry of operation, and an unobserved component – the portion of wages
explained by firm identity that is not explained by firm characteristics available to
the econometrician. A similar decomposition is applied to the individual component
of wages. Person-level intercepts – the time invariant portion of wages attributed to
individuals – are decomposed into a component explained by time invariant, though
observed, characteristics such as race or sex and a component that is unobserved.
The person-specific unobserved portion of wages is often thought of as reflecting the
value of an individual’s innate ability or talent that is portable across firms.
A complementary literature explores the relationship between firm character-
istics and wage outcomes. For example, empirical work suggests that there exists
a significant relationship between wages and firm size. Brown and Medoff (1989)
provides an analysis of the role of firm size in the determination of wages. Large
firms may pay higher wages because large firms hire higher quality workers, of-
fer inferior working conditions, are more threatened by unionization, or face higher
monitoring costs (e.g., efficiency wages ). Davis and Haltiwanger (1995), using data
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from the Current Population Survey and Census of Manufacturers, investigate the
relationship between firm size and both wage levels and wage dispersion. They find
that average wages are higher at larger establishments and that wage dispersion is
inversely related to firm size class. In addition, their work suggests that the returns
to observed characteristics vary across firm size class.
Finally, economists are also looking within the firm to explain wage setting
from the perspective of compensation and strategic management policies. As Lazear
(2000) mentions in his review of the personnel economics literature, firms may influ-
ence wage determination and wage dynamics through firm level policies by designing
deferred compensation policies to motivate workers, tying remuneration to observed
productivity, or designing tournament schemes. Firms may also pay efficiency
wages to dissuade shirking and may provide insurance against shocks to the value of
labor services (Prendergast 1999). Recent work in Ichniowski and Shaw (2003) and
Cappelli and Neumark (2001) evaluates the relationship between firm-level human
resource practices and firm productivity and wage outcomes. Finally, the work
of Baker et al. (1995) illustrates the value in evaluating the wage policies of an
individual firm.
The empirical work focused on decomposing wages, emphasizing the relative
importance of the returns to observed characteristics and unobserved heterogeneity,
has in some sense preceded the evolution of economic theory that explains why un-
observed heterogeneity exists. Firms pay vastly different wages, though observed
firm characteristics fall short of explaining the overwhelming majority of the varia-
tion in average wages across firms. As economists begin to look inside the firm for
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evidence supporting this measured heterogeneity, they are finding that firms pur-
sue idiosyncratic compensation policies and human resource management strategies.
The work in this paper pushes this investigation one step further, suggesting that
digging deeper into the black box of firm compensation policy requires evaluating
not only traditional firm- and person-specific determinants of wages, but also the
way in which the characteristics of workers are valued by firms. Heterogeneity in
firms’ policies, which may explain why firms pay different average wages, may also
suggest that certain worker attributes are more valuable to particular firms.
Using employer-employee linked data for the United States, I specify and esti-
mate a multilevel statistical model of earnings determination that measures variation
in firm wage policies. The specification controls for person-level, unobserved hetero-
geneity and allows for firm-specific deviations in average firm wages as well as in the
returns to components of human capital: race, gender, education, and experience.
The estimation procedure also provides estimates of the elements of the variance
matrix of pay policy parameters. Results suggest that there is statistically signifi-
cant variation in the returns to worker characteristics across firms. For instance,
the estimated variance of the returns to being non-white, for both men and women,
is roughly the same size as the variance of average wages across firms. Allowing
for an unstructured covariance matrix of firm-specific returns reveals that firms that
tend to pay higher average wages also tend to pay higher than average returns to
certain worker characteristics. Finally, roughly 7% of wage variation is accounted
for by the firm-specific returns to human capital. Though it appears that the major-
ity of this explained variation would have otherwise – in the absence of firm-specific
4
returns – been accounted for by person- and firm-specific intercepts, firm-specific
valuation of human capital explains a greater proportion of wage variation than the
returns to the observed firm characteristics included in the estimation: the level of
firm employment and industry division of operation.
Hierarchical modeling techniques are used in Cardoso (2000) to analyze the
relationship between firm level characteristics and worker wages in a cross-section
of employer-employee connected data for Portugal. The model presented here ex-
tends the approach in Cardoso (2000) by integrating it into a larger literature that
accounts for unobserved heterogeneity across workers and firms, by permitting a
fully unstructured variance matrix of pay policy parameters, and by accounting for
the total variation in wages attributed to the firm-specific returns to human capital.
My model may also be viewed as an extension of Abowd et al. (1999) in that it allows
unobserved heterogeneity across firms to be captured by firm-specific intercepts as
well as firm-specific returns. By exploiting the longitudinal and connected nature of
the employer-employee dataset, I am able to control for both unobserved firm- and
person-effects. I use Restricted Maximum Likelihood (REML) techniques to esti-
mate the model variance and covariance parameters and derive random coefficient
estimates using the Henderson (or Mixed) Model equations. Unlike traditional
approaches to estimating random effects models, for instance, Generalized Least
Squares, the REML approach does not assume orthogonality between the random
effects – the firm-specific slopes and firm- and person-specific intercepts – and ob-
served covariates. My approach also allows for a fully unstructured variance matrix
of the firm-specific intercepts and returns. Finally, I provide a decomposition of
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the total variation in wages attributed to both the observed and unobserved compo-
nents in the model, thereby highlighting the relative importance of the firm-specific
components of compensation.
The paper is organized as follows. Section 1.2 discusses the multilevel model in
the context of firm compensation policy; Section 1.3 develops the statistical model
and discusses the estimation technique; Section 1.4 provides a description of the
data; Section 1.5 provides results; and Section 1.6 concludes.
1.2 Firm Compensation Policy
To evaluate the influence of firms on wages, I specify a multilevel (mixed)
model of wage determination. The multilevel characteristic of the model captures
the inherently hierarchical nature of the data: individuals hold jobs (level 1) that
are nested within firms (level 2). The model is mixed in that it contains both
random and fixed coefficients. Firms shape individual wage outcomes in two ways:
through firm-specific average wage effects and firm-specific price effects. Average
wages are influenced by firm-specific intercepts as well as by observed characteristics,
namely, firm employment (size) and industry division of operation. Firms also
influence wage setting through the returns to the characteristics of human capital:
sex, race, education, and experience.1 These returns have an unobserved firm-
specific component, measured as deviations around the sample average return for
a given characteristic of human capital, as well as an observed component – the
1In the implementation, the model is fully interacted by sex; firm-specific returns are estimated
for both men and women.
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interaction between observed characteristics of workers and firms. For example,
consider the influence of firms on wage setting when only firm size and experience
are observed. Firms will influence wages through a firm-specific average wage effect
that has two components: an unobserved, though identifiable, firm-specific random
intercept and the observed effect of firm size. Firms will also influence wages through
the returns to experience, which also has two components: an unobserved, though
identifiable, firm-specific random return to experience and the observed interaction
between experience and firm size.
The statistical model retains characteristics of more standard models of wage
determination. Workers earn average (or market) returns to the components of
human capital which are measured as fixed coefficients on the returns to human
capital. Thus, the firm-specific random returns may be viewed as deviations around
the sample average return to the components of human capital. A person-specific,
random intercept is also introduced to control for unobserved heterogeneity and
is usually interpreted as the return to a worker’s innate ability or skill. Finally,
a number of dummy variables are included to control for time effects and issues
related to the construction of the data.2
The econometric specification, while driven partly by the structure of the
data, is loosely supported by theoretical work in two recent papers. In Abowd
et al. (2006), a simple model of production, wage determination, and mobility is
specified. There are two types of firms: complex and simple. In simple firms,
2These variables are discussed in further detail in Section 4. A list of variables included in the
estimation is presented in Table 1.1.
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wages are set equal to a worker’s productivity which is determined by her innate
ability and level of experience. Productivity in complex firms, however, is firm-
specific and is a function of an individual’s innate ability and firm-specific seniority.
Wages are determined by a simple sharing rule and, for workers at complex firms,
wages are thus a function of tenure at the firm. The underlying model supports
an empirical specification in which a firm-specific wage policy captures both the
sharing rule and a production technology that is a function of tenure at the firm.
The model, while particularly relevant to the literature on mobility and the returns
to tenure, suggests a broader treatment of firm specificity in production and the
formation of compensation policy. Lazear (2003) provides another simple and more
general model of output and wage determination. A worker’s output is determined
by a set of general skills which are valued by all firms in the economy. Firms differ,
however, in the relative weighting of these skills in production. Workers and firms
split the value of output and a worker’s earnings are determined by his share of
output – a function of his optimal investment in general skills and the firm’s specific
weighting of his skills. The model is primarily developed to provide an explanation
for the empirically observed returns to firm-specific tenure, though is relevant to the
statistical model presented in this paper which allows for firm-specific returns to
the components of human capital that are used by all firms. In light of the model
developed in Lazear (2003), the firm-specific returns to human capital in this paper
may be viewed as capturing the firm-specific weighting of these characteristics in
production.
Efficiency wage theory, which generally refers to extra-marginal wage payments
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at the firm-level, may also support a model of firm-specific returns. Firms that pay
high average wages to all of their workers may do so to provide a disincentive to
shirking. It may be, however, that the level of certain worker attributes – experience
and education – make monitoring by firms more difficult. More experienced workers
may be more likely to shirk because, over their careers, they have learned to shirk
successfully. It may also be that workers with more experience and education are
more likely to have more complex jobs where output is hard to observe and, thus,
hard to monitor. In either case, one might expect to see higher than average firm-
level returns to these characteristics where monitoring is difficult. If the existence
of high average firm wages suggests that firms are paying efficiency wages, then it
seems reasonable – if the monitoring of highly educated and experienced workers is
more difficult – to expect a positive covariance between firm-specific average wages
(intercepts) and firm-specific returns to education and experience.
Regardless of theoretical motivation for the multilevel specification, the struc-
ture of the model assumes that worker-firm attachments, i.e., the clustering of work-
ers within firms, is meaningful. The treatment of firm-specific deviations as random
effects provides an efficiency gain over other modeling approaches that do not take
into account the clustering of workers within firms in cases where this clustering
is present in the data.3 A richer error specification will provide correct standard
errors for the fixed effects in the model. Random firm-specific effects identified in
the data, however, may exist for a variety of reasons. For instance, consider the
specific return to education. If the measure of education is not quality adjusted,
3An example is Ordinary Least Squares (OLS), where the model error is assumed spherical.
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which is the case in the data used in this analysis, a higher firm-specific return may
be due to the clustering of workers with high levels of education from high quality
universities who earn high wages relative to workers at the same firm who have lower
levels of education from low quality schools. Dispersion in the returns to education,
thus, would result from the inability to observe the quality of education. Account-
ing for this clustering is meaningful in the aforementioned sense. However, if the
force driving dispersion in the returns to education is due to unobserved quality
issues, the economic content of these slopes is questionable. It may be, however,
that dispersion in returns across firms are meaningful in economic terms. In the
previous example, if firms that hire the highest quality university graduates also hire
the highest quality high school graduates, then the existence of higher than average
firm-level returns to education may reflect a hiring policy: always hire the highest
quality of graduates regardless of level of education. As will be made clear in the
development of the model, these firm-specific deviations may be thought of as the
firm-specific unobserved error components in a pricing model of the characteristics
of human capital. From this perspective, the existence of firm-specific returns is due
to the inability of the observed firm characteristics in the model to explain variation
in the returns to the characteristics of human capital. In either case, the approach
permits an accounting for the contribution of observed and unobserved person and
firm characteristics to variation in wages.
In addition to allowing for firm-specific intercepts and returns, the multilevel
model is flexible in accounting for both the variance and covariance of these firm-
specific returns. For each firm-specific component, a sample-wide variance is spec-
10
ified.4 The structure of the covariance of these effects, however, may take a variety
of forms. In this analysis, I evaluate both a diagonal and fully unstructured vari-
ance matrix of firm effects. Exploring the unstructured form of the of this matrix
addresses potentially important questions regarding firm wage policy. For instance,
do firms that tend to pay high wages on average also tend to reward more highly
the returns to education? Is the dispersion in the returns to education across firms
similar for men and women?
The model also includes a person-specific random intercept. Though jobs are
nested within firms, the person-specific random intercept exists outside the hierar-
chy that is developed in the following section. It is included to capture some of the
unobserved heterogeneity in wages that is due to what is traditionally considered an
individual’s innate ability or skill and also to serve as a basis for comparison to work
that models heterogeneity in wages with both firm- and person-specific intercepts.
Future work will attempt to integrate more fully the person-specific intercepts into
the variance structure of the multilevel model. For instance, permitting the covari-
ance between the person-specific intercept and the firm-specific returns to education
would provide a direct empirical test of whether individuals with high levels of in-
nate ability (higher than average person-intercepts) are more likely to earn higher
returns to experience.
A thorough discussion of multilevel models is provided in Goldstein (1995).
Raudenbush and Bryk (1986) also provide a discussion and application to estimating
4Each effect is assumed to have a zero mean. In the analysis, the data are de-meaned so that
dispersion of the firm intercepts is appropriately centered. For the firm-specific slopes, the fixed
coefficient estimates of the returns to the components of human capital provide estimates of the
mean of each distribution.
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the returns to student achievement. Cardoso (2000) and Cardoso (1999) develop
a multilevel wage model using employer-employee connected data for Portugal that
is estimated using Iterative Generalized Least Squares (IGLS) techniques that are
popular in the multilevel model literature. The multilevel model, which includes
both fixed and random coefficients, is also essentially a mixed model. Estimation
of and prediction in mixed models is discussed at length in McCulloch and Searle
(2001) and Searle et al. (1992). The approach in this paper draws heavily on these
techniques.
A general multilevel model is outlined in the following section and is shown to
have a mixed model representation. Also discussed is the three-part estimation ap-
proach: (1) the natural log of the real wage, the dependent variable, is transformed,
removing variation attributed to the variables for which coefficients are fixed; (2)
Restricted Maximum Likelihood (REML) techniques are used to estimate the vari-
ance components of the model; and (3) predictors of the model’s fixed and random
effects are derived using the Henderson (or Mixed Model) equations. Attention
is given to issues surrounding the identification of the model’s random effects and
issues involved in the identification of these effects if they were assumed fixed.
1.3 Statistical Model
1.3.1 Multilevel Model
Let i = 1, ..., N index workers, j = 1, ..., J index firms, and t = 1, ..., T index
time. The natural log of the real wage, wijt, for worker i employed by firm j in
12

































ijt is an (m ×1) vector of person and firm varying covariates for which
parameters β(1)an (m ×1) vector are fixed;5 x(2)it is a (k ×1) vector of person-level
components of human capital (including an intercept) for which parameters γjt a (k
×1) vector are firm-specific;6 αi ∼ N(0, σ2α) is a person-level random intercept; and
εijt ∼ N(0, σ2ε) is a residual error term.
The second level of the model involves specifying a relationship between γjt –




(2) + Ψj (1.2)
where:
5The elements of x(1)ijt are: a race missing dummy, negative experience dummy, and time effects
interacted with sex. The superscript (1) signifies level 1 covariates for which parameters do not
vary over the second level.
6The elements of x(2)it include: a constant, experience,
experience2
100 , education, and a nonwhite
dummy, all of which are interacted with sex. The superscript (2) is to signify level 1 covariates
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β(2) is a (kl ×1) vector of fixed parameters describing the relationship between
these firm characteristics and the returns to person-level covariates and average
wages. Ψj is a (k ×1) vector of firm-specific random errors with each element of Ψj
corresponding to each of the k components of human capital. Thus, firms influence
the returns to human capital in two ways. The term g′jtβ
(2) reflects the influence of
time varying, observed firm characteristics. For example, the firm-specific returns to
education, in the context of this model, are influenced by both the size and industrial
classification of the employing firm. This component will capture whether firms
that tend to be large in terms of employment also tend to pay higher returns to
experience. The vector Ψj, the firm-specific error component, captures the influence
of the unobserved, firm-specific component of compensation policies. All variation
across firms in the return to a component of human capital that is not captured by
g′jtβ
(2) is accounted for by the elements of Ψj. This error representation, for example,
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would capture the existence of firm-specific human resource or management policies
that would otherwise not be captured by firm observed characteristics. Finally, it is
important to notice that while the firm-specific parameters γjt vary over time, this
variation is due to time variation in the value of fjt and not Ψj. Thus, stochastic
changes in the firm-specific error components are smoothed over time.7
A characteristic of the model is that the vector of firm-specific errors Ψj is








σψ1ψk · · · σ2ψk

(1.5)
The characterization of Γ in equation (1.5) is general, capturing the variances of
the firm-specific intercepts and returns as well as the covariances between these
terms. For instance, σ2ψ1 is the variance of the sample-wide firm-specific intercepts,
measuring the dispersion in wages due to dispersion in firm-specific average wages.
The extent to which firms in sample tend to pay high average wages and high
returns to education, experience, and race for men and women will be captured by
covariance terms in the first column (or first row) of Γ.
Combining equations (1.1) and (1.2) yields:
7This will turn out to be important as the components of Ψj will later be interpreted as firm-
specific returns to human capital. Increases in the returns to these components – for example,













it Ψj + αi + εijt (1.6)
The influence of the firms (second level of the model) is readily seen in equation
(1.6). The first term on the right hand side of equation (1.6) captures the influence
of the person-level covariates for which parameter variation is not firm-specific –
the set of time and control variables. The second term captures the influence of
observed, firm-level characteristics (influencing variation in γjt) on the components





jt yields a vector containing the components of human capital, firm observed
characteristics, and the interactions between the components of human capital and






(2) are viewed as the market or sample-wide average returns to these
characteristics; the returns to observed firm characteristics and the interactions
capture the influence of the observed firm characteristics in equation (1.2). The firm-
specific random errors Ψj in equation (1.2), in the context of equation (1.6), become
a set of firm-specific random coefficients for the components of human capital.
In order to explain the technique used to estimate the model, it is helpful to




































where xijt is a ((kl +m) ×1) vector of covariates – those contained in x(1)ijt which are
specified as having fixed coefficient estimates in equation (1.1) and the interactions
of the x
(2)
ijt in equation (1.1) with the firm-level characteristics fjt in equation (1.4).





it Ψj + αi + εijt (1.7)
Let N index the number of observations, I index the number of persons, and
J index firms. Grouping observations into firms and stacking yields:
w = Xβ +X(2)Ψ +Dα+ ε (1.8)
where w is an (N × 1) vector of earnings; X is an (N × (kl +m)) matrix of covari-
ates; and β is a ((kl +m)× 1) vector of fixed coefficients. X(2) is an (N × Jk)
stacked matrix of person-level characteristics (the x
(2)′















j is an (nj × k) matrix of observations of workers at firm J . Ψ is a









and is ordered so that the firm specific returns in Ψj (recall that Ψj is a (k ×1)
vector) correspond appropriately to the block of observations in X(2) for that firm.
Formally, X(2) is the design of firm-specific random effects and includes firm-specific
random intercepts and returns to worker level characteristics. Finally, D is an
(N × I) design matrix for the random person effects contained in the (I × 1) vector
α and ε is an (N × 1) vector of residuals.





















While the variance of the firm-specific returns and intercepts is fully unstructured
– the term IJ ⊗Γ – and a structure is placed on the person-specific intercepts σ2αII ,
the person-specific intercepts α are not permitted to co-vary with the elements of
Ψ. This is a restrictive assumption. While the thrust of this paper is to explore a
specific characterization of firm compensation policy – namely, one in which firms
are permitted to pay specific returns and to adjust these parameters such that high
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returns to some components may be associated with high or low returns to others –
it is reasonable to believe that individuals with higher than average levels of innate
ability, measured by relatively high α’s, may also earn higher returns to certain
characteristics or may be more likely to match to firms that pay higher than average
wages. A context in which the current error structure in (1.11) seems reasonable is
one where firms are unable to implement compensation policies conditional on innate
(and initially unobserved) worker ability and where learning about innate ability,
through employment at the firm, does not induce adjustments in firm compensation
policy.
1.3.2 Model Estimation and Prediction
Methods for estimating the model specified by equations (1.8) and (1.11), in
the context of the multilevel model literature, are discussed in Goldstein (1995) and
include Iterative Generalized Least Squares (IGLS), Bayes or Empirical Bayes, and
Generalized Estimating Equations (GEE) methods. Maximum Likelihood (ML)
and Restricted Maximum Likelihood (REML) are briefly mentioned as well. Es-
timation of the model has also received considerable treatment in the statistics
literature. Equations (1.8) and (1.11) represent a mixed model formulation as the
specification contains both random and fixed coefficients.
The specifications in this paper are estimated using REML, which provides
estimates of the variance components in (1.11): σ̂2α, σ̂
2
ε , and the elements of Γ̂.
Loosely speaking, “a basic idea of restricted maximum likelihood (REML) estima-
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tion is that of estimating variance components based on residuals calculated after
fitting by ordinary least squares just the fixed effects part of the model” rather than
basing these estimates on the dependent variable (Searle et al. (1992) p. 250). See
Appendix A for a more detailed discussion of the REML technique.
Using the variance estimates emerging from REML, predictors of the random
coefficients – Ψ̂ and α̂ – and estimates of the fixed coefficients β̂ in equation (1.8)
are derived from the Mixed Model (or Henderson) Equations. See Appendix B
for a full derivation of the predictors and estimates as well as a discussion of their
identification.
1.4 Data Description
I estimate the multilevel model using data that are housed at the U.S. Census
Bureau’s Longitudinal Employer-Household Dynamics (LEHD) Program. A thor-
ough discussion of the data maintained by LEHD is provided in Abowd et al. (2005);
a brief description is provided here. The LEHD Program maintains a variety of
survey and administrative data from a number of federal and state agencies. State
unemployment insurance (UI) wage records and Quarterly Census of Employment
and Wages (QCEW) establishment data are available for the states in partnership
with the LEHD Program.8 State-level unemployment insurance (UI) data contain
quarterly earnings for employees covered by state unemployment insurance systems
8Over 40 states have signed Memoranda of Understanding to engage in data sharing with the
U.S. Census Bureau. For 34 of these states, core infrastructure and public use data are available.
More information on state partnerships with the U.S. Census Bureau’s LEHD Program is available
at: http://lehd.dsd.census.gov.
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(over 96% of private sector employment is covered by the UI universe) as well as
both a person identifier – a person-specific Protected Identification Key (PIK) – and
a firm identifier – a State Employer Identification Number (SEIN). The structure
of the UI data conforms to the data requirements of the multilevel model specifi-
cations: there are multiple workers in the UI data for whom wages are reported
within the same firm (workers are clustered within firms). Thus, a firm, as defined
in this analysis, is a collection of workers who share a common SEIN.9 And, indi-
vidual wage records are then linked across quarters on the basis of the PIK to create
individual work histories.
Nearly all of the firm identifiers in the UI data are found in the universe
of state QCEW data which contain richer information on firms. However, while
groupings of workers by a common SEIN define the smallest firm in the UI data,
a finer definition of the firm is available in the QCEW data.10 For SEINs in the
QCEW data that operate more than one establishment, firm characteristics such as
employment, total payroll, location, and industry of operation are reported at the
level of the establishment. While the finer, establishment-level detail is not used
in this analysis, the QCEW do provide the measure of industry of operation. For
firms in the QCEW reporting under multiple establishments (a multi-unit firm), the
SEIN-level industry is the employment weighted modal industry of the underlying
establishments. For firms reporting under a single establishment, the reported
industry is used.
9The SEIN is by definition a state-level firm identifier; thus, firms are also state-specific.
10This is true for all states except Minnesota. The Minnesota UI data provide two firm identifiers
– an SEIN and reporting unit number – which are consistent with the level of reporting in the
QCEW.
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Finally, worker demographics – sex, date of birth, and race – are acquired from
the Census NUMIDENT file (a version of Social Security Administration person-
level micro-data) and are matched to the UI wage record data on the basis of the
person identifier. Neither the UI nor the Census NUMIDENT data provide a
direct measure of education for individuals in the sample. Education information
is available, however, in the Decennial Census of Population; in this analysis, the
education variable for workers in the UI data is based on a statistical match to
the 1990 Decennial Census of Population.11 The race variable is collapsed into an
indicator for non-white, rather than used directly in the model estimation.12
All worker and firm measures are transformed into annual values. From the
QCEW data, only industry of operation is retained in this analysis. For each firm
(SEIN), the annual (calendar year) employment weighted, quarterly modal industry
is used.13 The measure of firm size is simply the summation of workers with positive
earnings at the firm within the calendar year. Date of birth from the NUMIDENT
is used to create an age measure which, in turn, is used to create a measure of
potential experience. For the first year that an individual appears in the UI data,
potential experience is calculated as the person’s age at the beginning of the quarter
minus her years of education minus 6. This potential experience measure is then
11Work is currently being done at LEHD to match workers in the UI wage data to the 2000
Decennial Census of Population on the basis of PIK, thus, providing reported education measures
for roughly 1 in 6 workers in the UI universe. For remaining workers in the UI data, education
levels will be created using multiple imputation techniques.
12The collapsing of the race variable is common in nearly all of the wage research using LEHD
data. Preliminary research into the quality of the race variable on the NUMIDENT raised concerns
regarding it’s usefulness in analysis. In the future, I plan to explore the reliability of using the
race variable in the context of the model developed in this paper.
13Firm data in the QCEW are reported on a quarterly basis. While it is rare for firms to
change industry classification, the algorithm ensures that the most important industry – in terms
of employment – is used in the analysis.
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augmented by observed years of experience: years during which the individual has
positive earnings in the UI data.
The wage measure used in the analysis is based on an annualization of the
quarterly payroll values reported in the UI data. For workers in the UI data who
hold multiple jobs concurrently, the dominant job with the highest level of annual
earnings is retained. Within each dominant job, quarterly earnings within the
calendar year are used to create a measure of annualized earnings (wages). The
sequence of earnings within a job are used to categorize workers into three groups
which are then used to construct the annual earnings measure:
• Annualized earnings based on full-quarter status. A full-quarter worker is one
who has positive earnings at a firm in the current (t), previous (t − 1), and
subsequent (t + 1) quarters at the same firm. For workers who have worked
at least one full quarter at a firm, 4 times the full-quarter average of earnings
is used to construct the annual measure. Roughly 84% of the annual earnings
are constructed this way.
• Annualized earnings based on continuous-quarter status. A continuous-quarter
worker has positive earnings at a firm in the current (t) and previous (t − 1)
quarters or the current (t) and subsequent (t + 1) quarters at the same firm.
For workers who have not worked one full quarter during the calendar year,
but who have at least one continuous quarter of employment, 8 times the av-
erage of continuous-quarter average earnings is used to construct the annual
23
measure.14
• Annualized earnings based on reported quarterly earnings. For workers who
are neither classified as full- or continuous-quarter for at least one quarter
in the calendar year, 12 times the average of quarterly earnings is used to
construct the annual measure.
For all observations, dummy variables are created to control for the type of
annualized earnings measure that is used in the estimation of the wage model. The
analysis sample is restricted to include employees who are between the ages of 25
and 65, have real annualized earnings between $1,000 and $1,000,000, and who work
at firms with more than 10 employees that are not operating in agriculture or public
administration Standard Industrial Classification (SIC) industry divisions.
Estimation of the multilevel model using data for all states providing data
to the LEHD program is a computationally infeasible task. In order to estimate
the model, I first select three states and then draw a sample of workers from these
states.15 A requirement of the multilevel model is that workers are clustered within
firms, thus, a procedure for sampling must guarantee that workers are clustered
within firms. The sampling procedure developed in Woodcock (2003) is used and
guarantees that the sample is representative of employment and that a minimum
number of workers – here, at least 10 – are sampled from each firm. For 1997,
14The assumption is that a continuous-quarter worker (who is also not a full-quarter worker)
has an expected employment duration of 0.50. Thus, observed continuous-quarter earnings are,
in expectation, 50% of unobserved full-quarter earnings.
15The identities of the states used in the analysis are witheld for confidentiality reasons. The
three states chosen, however, are geographically dispersed across the United States and contain
both large urban and rural areas.
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a sample of firms is drawn with probabilities that are proportional to firm-level
employment. Workers within those firms are sampled with probabilities that are
inversely proportional to the firms’ employment. Finally, the entire earnings his-
tories for the sampled worker-firm pairs are included in the final dataset. The
resulting datafile is a random sample of roughly 0.25% of workers in the three states
and contains 283,507 annual observations on 55,267 individuals and 29,591 firms for
the 1990-1998 time period.
Table 1.1 summarizes the list of variables used in the analysis, including a brief
description of each. Tables 1.2 and 1.3 present means and standard deviations of
relevant characteristics for the analysis sample.
1.5 Estimation and Results
1.5.1 Specifications
I present estimates for four versions of the multilevel model. Each successive
specification is a generalization of the preceding specification, reflecting the increas-
ingly richer characterization of the firm-specific returns to human capital γjt and
the variance matrix of the random error components in Γ. Specification 1 is a
wage decomposition that allows for random person- and firm-intercepts and fixed
returns to the observed components of human capital. This specification serves as
the baseline wage model in which heterogeneity is captured only through person-
and firm-specific intercepts. Specification 2 builds on Specification 1 by introducing
the firm-specific returns to human capital; moreover, the variance matrix of these
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Table 1.1: Variables Used in Analysis
Demographics
Education Based on statistical match to Decennial Census 1990
Non-white Based on race variable in Census NUMIDENT
Race Missing Based on race variable in Census NUMIDENT
Sex Based on sex variable in Census NUMIDENT
Job Characteristics
ln(Annualized Real Wage) Annualized wage measure based on quarterly earnings (UI)
Experience Potential experience measure constructed using observed
experience and date of first appearance in sample
Age Base on date-of-birth measure reported in the Census NUMIDENT
Negative Experience Dummy Dummy for negative values of potential experience
Firm Characteristics
ln(Firm Employment) Natural log of the sum of workers with positive annualized earnings
SIC 2-Digit Group (10-17) Mining and Construction
SIC 2-Digit Group (20-29) Manufacturing
SIC 2-Digit Group (30-39) Manufacturing
SIC 2-Digit Group (40-49) Transportation, Communications, Electric, Gas, and Sanitary Services
SIC 2-Digit Group (50-59) Wholesale and Retail Trade
SIC 2-Digit Group (60-67) Finance, Insurance, and Real Estate
SIC 2-Digit Group (70-79) Services
SIC 2-Digit Group (80-89) Professional Services
Time Dummies
4 Full Quarters Worked 1990 Dummy
4 Full Quarters Worked 1991 Dummy
4 Full Quarters Worked 1992 Dummy
4 Full Quarters Worked 1993 Dummy
4 Full Quarters Worked 1994 Dummy
4 Full Quarters Worked 1995 Dummy
4 Full Quarters Worked 1996 Dummy
4 Full Quarters Worked 1997 Dummy
4 Full Quarters Worked 1998 Dummy
Less Than 4 Full Quarters Worked 1990 Dummy
Less Than 4 Full Quarters Worked 1991 Dummy
Less Than 4 Full Quarters Worked 1992 Dummy
Less Than 4 Full Quarters Worked 1993 Dummy
Less Than 4 Full Quarters Worked 1994 Dummy
Less Than 4 Full Quarters Worked 1995 Dummy
Less Than 4 Full Quarters Worked 1996 Dummy
Less Than 4 Full Quarters Worked 1997 Dummy
Less Than 4 Full Quarters Worked 1998 Dummy
Discontinuous Employment Dummy Dummy
0 Full Quarters Worked Dummy
1 Full Quarters Worked Dummy
2 Full Quarters Worked Dummy
3 Full Quarters Worked Dummy






Table 1.2: Sample Demographics and Job Characteristics
Men Women
Mean Standard Deviation Mean Standard Deviation
Demographics
Proportion Male 0.5290 0.4992
Education 12.5484 2.9799 12.7728 2.5678
Proportion Non-white 0.3216 0.4671 0.3335 0.4715
Proportion Race Missing 0.0422 0.2011 0.0321 0.1763
Job Characteristics
ln(Annualized Real Wage) 10.6035 0.7441 10.2452 0.6706
Experience 21.9814 9.9102 21.9719 9.8157
Age 40.1197 9.5078 40.2895 9.3661
ln(Firm Employment) 6.1190 2.3237 6.5018 2.2787
Proportion of Employment:
SIC 2-Digit Group (10-17) 0.0816 0.2738 0.0210 0.1434
SIC 2-Digit Group (20-29) 0.0782 0.2685 0.0608 0.2390
SIC 2-Digit Group (30-39) 0.1799 0.3841 0.0906 0.2870
SIC 2-Digit Group (40-49) 0.1067 0.3087 0.0676 0.2511
SIC 2-Digit Group (50-59) 0.2125 0.4091 0.1752 0.3802
SIC 2-Digit Group (60-67) 0.0614 0.2401 0.1062 0.3081
SIC 2-Digit Group (70-79) 0.1091 0.3118 0.0880 0.2833
SIC 2-Digit Group (80-89) 0.1706 0.3761 0.3906 0.4879
4 Full Quarters Worked 1990 0.0461 0.2096 0.0478 0.2134
4 Full Quarters Worked 1991 0.0483 0.2144 0.0498 0.2176
4 Full Quarters Worked 1992 0.0623 0.2418 0.0629 0.2429
4 Full Quarters Worked 1993 0.0728 0.2598 0.0756 0.2643
4 Full Quarters Worked 1994 0.0897 0.2857 0.0915 0.2883
4 Full Quarters Worked 1995 0.1020 0.3027 0.1047 0.3062
4 Full Quarters Worked 1996 0.1252 0.3309 0.1295 0.3358
4 Full Quarters Worked 1997 0.1363 0.3431 0.1392 0.3462
4 Full Quarters Worked 1998 0.1257 0.3315 0.1292 0.3354
Less Than 4 Full Quarters Worked 1990 0.0122 0.1098 0.0116 0.1070
Less Than 4 Full Quarters Worked 1991 0.0125 0.1112 0.0123 0.1101
Less Than 4 Full Quarters Worked 1992 0.0158 0.1246 0.0163 0.1265
Less Than 4 Full Quarters Worked 1993 0.0179 0.1326 0.0168 0.1287
Less Than 4 Full Quarters Worked 1994 0.0195 0.1381 0.0177 0.1317
Less Than 4 Full Quarters Worked 1995 0.0273 0.1631 0.0246 0.1549
Less Than 4 Full Quarters Worked 1996 0.0376 0.1903 0.0345 0.1824
Less Than 4 Full Quarters Worked 1997 0.0808 0.2725 0.0714 0.2574
Less Than 4 Full Quarters Worked 1998 0.0408 0.1979 0.0388 0.1932
Discontinuous Employment Dummy 0.0122 0.1099 0.0096 0.0976
0 Full Quarters Worked 0.0528 0.2237 0.0437 0.2043
1 Full Quarters Worked 0.0630 0.2429 0.0592 0.2360
2 Full Quarters Worked 0.0679 0.2516 0.0637 0.2443
3 Full Quarters Worked 0.0656 0.2476 0.0628 0.2425
4 Full Quarters Worked 0.7507 0.4326 0.7707 0.4204
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Table 1.3: Sample Job Characteristics and Firm Interactions
Men Women
Standard Standard
Mean Deviation Mean Deviation
Education Interacted with:
ln(Firm Employment) 77.8903 35.5628 83.9931 34.4374
SIC 2-Digit Group (10-17) 0.9723 3.3710 0.2634 1.8376
SIC 2-Digit Group (20-29) 0.9511 3.3719 0.7315 2.9578
SIC 2-Digit Group (30-39) 2.2268 4.9013 1.1090 3.6003
SIC 2-Digit Group (40-49) 1.3239 3.9529 0.8601 3.2610
SIC 2-Digit Group (50-59) 2.6375 5.2537 2.1731 4.8323
SIC 2-Digit Group (60-67) 0.8346 3.3367 1.3848 4.0962
SIC 2-Digit Group (70-79) 1.4226 4.1722 1.1401 3.7530
SIC 2-Digit Group (80-89) 2.3280 5.2592 5.2352 6.7051
Non-White Interacted with:
ln(Firm Employment) 1.7608 3.0250 2.1190 3.3776
SIC 2-Digit Group (10-17) 0.0176 0.1316 0.0057 0.0752
SIC 2-Digit Group (20-29) 0.0275 0.1635 0.0270 0.1620
SIC 2-Digit Group (30-39) 0.0552 0.2284 0.0352 0.1844
SIC 2-Digit Group (40-49) 0.0279 0.1647 0.0231 0.1502
SIC 2-Digit Group (50-59) 0.0639 0.2446 0.0511 0.2202
SIC 2-Digit Group (60-67) 0.0148 0.1206 0.0311 0.1736
SIC 2-Digit Group (70-79) 0.0376 0.1903 0.0319 0.1756
SIC 2-Digit Group (80-89) 0.0433 0.2036 0.1105 0.3135
Experience Interacted with:
ln(Firm Employment) 135.7960 84.6476 143.5200 84.9780
SIC 2-Digit Group (10-17) 1.8232 6.7139 0.4793 3.5697
SIC 2-Digit Group (20-29) 1.7600 6.6453 1.3732 5.9306
SIC 2-Digit Group (30-39) 4.1983 9.9064 2.0685 7.1471
SIC 2-Digit Group (40-49) 2.4353 7.7308 1.4933 6.0308
SIC 2-Digit Group (50-59) 4.4610 9.6892 3.6959 9.0445
SIC 2-Digit Group (60-67) 1.2260 5.3552 2.1972 7.1314
SIC 2-Digit Group (70-79) 2.2161 7.1546 1.7777 6.4404
SIC 2-Digit Group (80-89) 3.8614 9.4503 8.8867 12.6636
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firm-specific returns is diagonal. In Specification 3, the assumption of a diagonal
variance matrix of firm-specific returns is relaxed in favor of an unstructured one
that permits covariation between the firm-specific returns and intercepts. Finally,
Specification 4 retains the assumption of an unstructured variance matrix of firm-
specific components and introduces observed firm characteristics – firm size and
industrial classification – into the characterization of γjt. Appendix C relates each
of the specifications to the model developed in Section 1.3. Characteristics of the
four specifications are summarized in Table 1.4.
The four specifications are chosen for a number of reasons. Specification 1
is common in the literature on the decomposition of wages into unobserved, but
identifiable, firm- and person-effects. Specification 2 permits an evaluation of the
importance of allowing for firm-specific deviations from the economy-wide returns
to the elements of human capital and illustrates the relative importance of the esti-
mated variance components. In Specification 3, the unstructured variance matrix
of firm-specific returns permits an investigation of the significance of the covariation
between the firm-specific returns and intercepts. Finally, Specification 4 introduces
firm-level observed characteristics into the firm-specific returns in γjt. Estimation
of this specification provides a direct assessment of the importance of both observed
and unobserved firm characteristics in the determination of wages.
Specifications 1 through 3 are nested in terms of variance parameters and also
share the same parameterization of the components for which coefficient estimates
are fixed; for these specifications REML log-likelihood test statistics may be con-


































































































































































































































approach, there is no corresponding test statistic for comparing models where the
fixed component of the model changes. Thus, Specification 4, which introduces
firm-level covariates into the wage model cannot be tested against the preceding
specifications. However, Specification 4 may be tested against specifications with
the more restrictive variance structures – like those in Specifications 2 and 1 – that
also retain the firm observed characteristics. Table 1.4 describes two additional
specifications that are estimated to test directly the superiority of Specification 4.
Specification 5 is identical to 4 except for the variance matrix of the firm
error components which is now diagonal (as in Specification 2); Specification 6 is
similar to 5, though, the firm-specific returns are removed and only the firm- and
person-specific intercepts are retained. Estimates of the variance parameters and
coefficients for Specifications 5 and 6 are not discussed in this paper, though, the
following section provides statistics pertaining to model fit to motivate a preference
for Specification 4.
For all specifications, observed determinants of wages are fully interacted with
sex so that fixed coefficient estimates on all person, demographic, and firm char-
acteristics are reported separately for men and women. The firm-specific random
returns to the components of human capital are also fully interacted with sex; thus,
for example, separate variances (and covariances) of the dispersion in the returns
to education are reported for men and women. Finally, the random firm-intercepts




Hypothesis tests involving the variance components of competing models esti-
mated using REML techniques are usually conducted by constructing REML likeli-
hood ratio tests (REMLRT) which are only valid in cases where the parameterization
of the fixed coefficients is the same in both models. In the current analysis, Spec-
ification 1 is nested, in terms of variance parameters, within Specification 2, while
Specification 2 is nested within Specification 3. Specification 4, however, additional
firm characteristics for which fixed coefficients are estimated. In this instance, an
appropriate measure for model selection is the Bayesian Information Criterion (BIC).
Table ?? presents the Bayesian Information Criterion for each of the four
specifications. Calculations of the BIC suggest that Specification 2 is preferred over
Specification 1 and Specification 3 over Specification 2. Thus, an unstructured
variance structure seems to fit the data best. Recall that Specification 4 uses a
variance matrix of random coefficients identical to that of Specification 3 but also
includes the firm covariates. The calculation of the BIC takes into account the
inclusion of the additional fixed coefficients. Moreover, Specification 4 is preferred
over Specification 5, which has the same variance parametrization as Specification
2; Specification 5 is preferred over Specification 6, which has the same variance
parametrization as Specification 1. These results suggest that a fully unstructured
variance matrix of firm returns is preferred, regardless of the choice of covariates to




























































































































































































































































































































































1.5.2.2 Coefficient and Variance Estimates
Recall that the estimation procedure first yields estimates of the model’s vari-
ance parameters which are used to derive the fixed coefficient estimates – the BLUEs
– and the random firm- and person-specific intercepts and firm-specific returns – the
BLUPs. However, the estimates of the fixed coefficients are presented first as these
are viewed, in the context of the firm-specific random returns, as the sample-wide
average returns to the components of human capital. Thus, the discussion of the
variance parameter estimates will be reviewed in light of these sample-wide averages.
Predictors of the random components of the model are not reviewed in detail, though
are used in the subsection that performs the analysis of variance decomposition.
Best Linear Unbiased Estimates (BLUEs)
Table 1.6 presents the fixed coefficient estimates (BLUEs) for Specifications 1,
2, and 3 as well as the Ordinary Least Squares (OLS) estimates of these coefficients.
Recall that the data are demeaned prior to estimation, so no intercept (grand mean)
is included in the estimations.
For Specification 1 (column 1), estimates of the fixed coefficients for men
and women are reasonable in value and consistent with those found in the wage
determination literature. For the quadratic in experience, the coefficient on the
first order term is positive for both men and women, though, higher for men than
for women; the coefficient on the second order term is negative for both men and
women, though larger for women. The size of these estimates implies an experience
profile for men that is higher and more steeply sloped than the one for women. The
34
Table 1.6: Fixed Coefficient Estimates for Specifications 1 through 3
Specification 1 Specification 2 Specification 3 OLS
Female
Experience 0.0273 * 0.0277 * 0.0287 * 0.0224 *
0.0010 0.0010 0.0014 0.0010
Experience2
100
-0.0424 * -0.0427 * -0.0455 * -0.0397 *
0.0019 0.0021 0.0029 0.0019
Education 0.0370 * 0.0390 * 0.0430 * 0.0458 *
0.0016 0.0017 0.0020 0.0009
Non-White -0.1584 * -0.1695 * -0.1688 * -0.1700 *
0.0087 0.0111 0.0111 0.0046
Race Missing -0.1229 * -0.1321 * -0.1404 * -0.1834 *
0.0224 0.0230 0.0230 0.0136
Negative Experience -0.0460 -0.0442 -0.0591 -0.0658 *
0.0291 0.0295 0.0302 0.0198
Male
Constant 0.0490 0.0518 0.0574 0.1685
0.0336 0.0349 0.0371 33.9113
Experience 0.0483 * 0.0488 * 0.0521 * 0.0408 *
0.0009 0.0010 0.0014 0.0009
Experience2
100
-0.0764 * -0.0764 * -0.0826 * -0.0645 *
0.0018 0.0020 0.0030 0.0017
Education 0.0420 * 0.0432 * 0.0458 * 0.0504 *
0.0013 0.0014 0.0016 0.0007
Non-White -0.3307 * -0.3111 * -0.3230 * -0.4173 *
0.0083 0.0104 0.0106 0.0044
Race Missing -0.1857 * -0.1682 * -0.1607 * -0.1827 *
0.0184 0.0186 0.0188 0.0102
Negative Experience -0.0431 -0.0403 -0.0350 -0.1084 *
0.0299 0.0304 0.0311 0.0201
State
State 1 -0.0886 * -0.0779 * -0.0799 * -0.0921
0.0261 0.0264 0.0260 1.9011
State 2 -0.0516 * -0.0468 * -0.0580 * -0.1041
0.0175 0.0177 0.0175 1.9011
* indicates significance at 5%
Non-White, Race Missing, and Negative Experience are dummy variables.
Standard errors appear below coefficient estimates.
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return to education for men is positive and significant and implies a 4.2% increase in
wages for each additional year of education; for women, the return to an additional
year of education raises wages by 3.7%. The race dummy (non-white) is estimated
to be negative for both men and women. Non-white men earn 33.07% less than
white men; non-white women earn 15.84% less than white women.
The estimates for Specification 2, which includes the firm-specific returns to
human capital, and for Specification 4, which includes the firm-specific returns to
human capital as well as an unstructured variance matrix for these returns, are
identical in sign and similar in magnitude. It is interesting, comparing the esti-
mates from Specifications 1 through 3 to those emerging from OLS, that controlling
for unobserved person- and firm-heterogeneity increases the wage penalty for non-
white men; otherwise, coefficient estimates, where significant, are roughly the same
magnitude.
Specification 4 includes the firm observed characteristics – firm employment
and industry grouping – as well as their interactions with the observed components
of human capital. Tables 1.7 and 1.7 present the estimates of these fixed coefficients
for women and men, respectively. Rows identify the characteristics of workers in
the wage model; columns identify firm characteristics. 2-digit SIC group (10-17),
Mining and Construction, is the omitted industry group; thus, estimates under the
“Constant” column heading refer to this group. Each row of estimates may be
viewed as the effect of the observed firm characteristics on the wage impact of each
observed component of human capital.





































































































































































































































































































































































































































































































































































































































































































































































average wages: the elasticity between firm size and real wages is 0.0665. Women in
2-digit SIC group (80-89) earn lower average wages than women working in other
industries. The second and third rows suggest that the returns to experience are
not significantly affected by firm size or industry group. The return to education
for women is lower for women working in industry group (40-49), Transportation,
Communications, etc., and higher for those working in industry group (80-89), Pro-
fessional Services.
For men, the elasticity between firm employment and wages is significant and
slightly lower than the estimate for women. And, the only significant industry
grouping average wage effects are in: group (60-67), Finance, Insurance, and Real
Estate; and group (70-79), Services; and group (80-89), Professional Services. Both
the first order and second order components of the experience profile are signifi-
cantly affected by firm size. Otherwise, the experience profile is only significantly
different for men in Finance, Insurance, and Real Estate. The return to education
is higher for men working in industry groups: (20-29), Manufacturing; (60-67) Fi-
nance, Insurance, and Real Estate; and (80-89) Professional Services. Finally, the
non-white wage penalty is lower in Specification 4 than in Specifications 1 through
3.
One issue is whether the results from Specification 4 are driven by the mixed
effects specification, specifically the inclusion of the random returns and intercepts,
or by the inclusion of firm covariates and their interactions with worker character-
istics. One way to check the robustness of the specification is to estimate the fixed


































































































































































































































































































































































































































































































































































































































































































































































































































and the fixed coefficient estimates retain the same meaning as in Specification 4.
Tables 1.9 and 1.10 present the estimates for the OLS estimation for women
and men, respectively. In comparing the estimates in Tables 1.7 and 1.8 to those
in Tables 1.9 and 1.10, notice that many of the values change in magnitude, in sign,
and in level of significance suggesting that the results are sensitive to the estimation
technique. For instance, the OLS estimate of the elasticity of log of real earnings
(wages) and firm size is -0.0028 and insignificant compared to the significant estimate
of 0.0665 in Specification 4.16
Overall, the fixed coefficient estimates emerging from Specifications 1 through
4 are consistent with the empirical wage determination literature. Men and women
earn positive returns to education, have concave experience profiles, and earn a
penalty for being non-white. Specification 4 suggests that large firms pay wage
premia to both men and women. Finally, observed firm characteristics are shown
to influence both average wages and, through their interaction with the observed
components of human capital, are shown to influence a number of the returns to the
observed components of human capital.
Variance Parameter Estimates
Tables 1.11 and 1.12 present estimates of the variance (and covariance) param-





















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Specification (1) 0.2259 * 0.3228 * 0.0558 *
Specification (2) 0.2198 * 0.2986 * 0.0515 *
Specification (3) 0.2293 * 0.2897 * 0.0497 *
Specification (4) 0.2054 * 0.2897 * 0.0496 *
* indicates significance at 5%
eters for the Specifications 1 through 4. Table 1.11 provides estimates of the variance
of the person-specific and firm-specific intercepts as well as the residuals; Table 1.12
presents the full set of firm-specific variance parameters for all specifications. For
both Specifications 1 and 2, the variance matrices are diagonal and estimated values
are reported in rows. For Specifications 3 and 4, the variance matrices are unstruc-
tured in terms of the firm-specific returns (and intercept). The diagonal elements
refer to the estimated variance of each term. Estimated covariances are reported
below the diagonal and correlations are reported above the diagonal.
Recall that Specification 1 that includes only firm- and person-specific inter-
cepts is treated as the baseline model as it is common in the wage decomposition
literature. Referring to Table 1.11, the estimates of the variance of the firm-specific
intercept σ̂2ψ1 (0.2259), the person-specific intercept σ̂
2
α (0.3228), and the residual σ̂
2
ε
(0.0558) are all statistically significant and have the following interpretation: that
a one standard deviation increase in ψ1, α, or ε increases wages by σ̂ψ1 , σ̂α, or σ̂ε
log points, respectively. The estimated variance of the person intercepts is larger

















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































person-level heterogeneity is relatively more important than firm-level heterogeneity
in wage variation.
The second, third, and fourth rows of Table 1.11 reveal only small changes
in the estimated variances of the intercepts and residuals moving across specifica-
tions. With the exception of the slight increase in the estimated variance of the
firm-intercepts going from Specification 2 to 3, the estimates decrease across speci-
fications.
The second row in Table 1.12 reports parameter estimates for Specification
2 that includes the firm-specific returns to human capital and assumes a diagonal
variance matrix for these pay policy parameters. All estimated parameters are
statistically significant. The introduction of the firm-specific returns induces a slight
decrease in the value of the estimated variance of the firm-specific intercepts.17
Also reported for Specification 2 are the estimated variances of the firm-specific
returns to human capital. The estimated variance of the returns to race (non-white)
is large for both non-white men and women. The interpretation of the estimates
is similar to the interpretation of those for the firm-intercept. For example, for a
non-white woman, a one standard deviation increase in the firm-specific return to
being non-white ψ6 increases wages by σ̂ψ6 log points. Moreover, the total variance
in wages due to the variance of average wages for non-whites across firms is given
by σ̂2ψ1+ σ̂
2
ψ2 for men and σ̂
2
ψ1
+ σ̂2ψ6 for women. The measure of race used in
this analysis is relatively crude, so the estimated dispersion of wages across firms
17Previous versions of this paper found a noticeable decrease in the estimated variance of the
firm-intercepts in moving from Specification 1 to 2. The change in this result is due to the inclusion
of state-specific intercepts and an intercept for male, which were omitted from the earlier analysis.
The previously estimated variance components are included in Appendix D.1
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for this characteristic should be interpreted with caution. Dispersion in the firm-
specific returns to wages for non-whites may reflect labor market discrimination –
in the sense that firms have flexibility in setting wages for non-whites – though
would also arise if non-white workers sort into a broad range of both high- and
low-wage firms or certain high- and low-wage occupations within firms. Recall
that the estimated sample-wide return (the BLUE) to non-white for both men and
women implies that an average wage penalty is associated with this characteristic;
dispersion in the returns to being non-white simply captures the dispersion in this
penalty across firms. Another way to think about dispersion in returns to non-
white is to consider what it would mean if these variance parameter estimates were
statistically insignificant (from zero). In this case, the return race could still be
negative, though, would be identical across firms.
The estimated variance of returns to education and experience for Specification
2 suggest that the dispersion in the returns to education across firms for women is
slightly higher than for men (σ̂2ψ3 > σ̂
2
ψ7
). Dispersion in the returns to education
and experience is interpreted in a manner that is slightly different than for the firm-
and person-specific intercepts and return to race. These parameters measure the
dispersion in the firm-specific prices of the components of human capital, thus the
change in wages attributed to a change in the return to education for men, for
example, is given by dwijt = dψ3 ∗ (education) and depends on a worker’s level of
education. For a man with 16 years of education, a one standard deviation increase
in the return to the firm-specific education increases his real wage by 0.32 log points.
The assumption of a diagonal variance matrix of firm-specific pay components
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is relaxed in Specification 3. Table 1.12 presents the firm-specific variance and
covariance estimates for this fully unstructured variance matrix. Diagonal elements
contain the estimated variances of the pay policy parameters. Estimated covariances
are reported below the diagonal and correlations are reported above the diagonal.
The first thing to notice is the change in the estimated variance components between
Specifications 2 and 3. For both men and women, the estimated variances in the
returns to race for both men and women increase as do the estimated variances
of the return to education and the coefficients of the experience profiles. Thus,
relaxing the structure of the variance matrix of pay policy parameters results in
the attribution of more variation across firms in the returns to race, education, and
experience. The estimation of covariance parameters permits a discussion of the
extent to which firm pay policies are correlated within the sample. For instance,
the first column of estimates for Specification 3 (below the first element of the
diagonal) identify the covariation between the firm-specific intercepts and the firm-
specific returns; the first row contains the correlations. The correlations between
the firm-specific intercept and the returns to race for both men and women are -
0.0606 and -0.0840, respectively. Firms that tend to pay high average wages to all
employees relative to other firms also tend to pay lower wages to non-whites relative
to other firms. For both men and women, high average firm wages are positively
correlated with the returns to education. For both men and women, firm-specific
intercepts are positively correlated with the return to the coefficient on the first order
component of the experience profile and negatively correlated with the coefficient
on the second order component suggesting that in high average wage firms, earnings
47
profiles are relatively steeper for men for early years of experience but flatten in
later years relative to the experience profiles of men at lower average wage firms.
Other correlations reveal interesting characteristics of firm compensation policy.
The correlation between men and women in the returns to race (0.1815), education
(0.5940), and the terms of the experience profiles (0.2189 on the first order term
and 0.0681 on the second) suggest that firms pursue somewhat similar pay policies
across gender: firms that tend to reward highly the characteristics of women also
reward highly these characteristics for men.
Finally, Table 1.12 reports the variance parameter estimates for Specification 4
which includes the firm observed characteristics. The terms on the diagonal change
only slightly relative to those reported for Specification 3. This suggests that the
inclusion of observed firm characteristics has little impact on the variance structure
of the firm-specific returns.
The variance parameter estimates across the four specifications provide evi-
dence that firms not only pay different wages to all of their workers but also pay
different wages to certain types of workers. The estimated variances of the firm-
specific returns to education, experience, and race are statistically significant and
differ in size across men and women. The positive correlation across sex in the
specific returns suggests a tendency for at least some firms to reward the human
capital of both men and women similarly. Finally, firm average wages significantly
co-vary with the returns to human capital. Non-whites tend to earn less at high
average wage firms; education for both men and women are more highly rewarded in
high average wage firms; and experience profiles become more steep, though exhibit
48
turning points at lower levels of experience, in high average wage firms.
1.5.2.3 Correlations
Tables 1.13 and 1.14 provide the correlations between the dependent vari-
able, the total person effect, the total firm effect, and the observed time-varying
covariates. The total person effect is composed of two parts: (1) the estimated
unobserved person-level intercept α̂i and (2) an observed component capturing the
average returns to education, race, the race missing dummy, and the negative ex-
perience dummy. The total firm effect is also composed of two parts: (1) the
unobserved firm-level intercept ψ̂1 and (2) the firm-specific returns to the compo-
nents of human capital. In the first line, for Specification 1, both the total person
effect and the unobserved component α̂i are more highly correlated with the log of
real earnings than are the firm-specific intercepts. Moreover, correlation between
the log of real earnings and the observed time varying covariates (last column) is
lower than the correlations between earnings and any other component. These are
standard findings in the wage decomposition literature.
The introduction of the firm-specific random returns in Specification 2 changes
slightly the correlations between the log of real earnings and the model components
in Specification 1. The firm-specific returns to human capital, however, are posi-
tively correlated with the log of real earnings (0.28); this correlation is approximately
the same size as the correlation between earnings and the observed component of























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Xβ. The firm-specific returns exhibit a correlation with the unobserved person
component α̂ that is nearly zero, suggesting that workers with high innate ability
do not sort into firms that pay high specific returns.
Correlations for both Specifications 3 and 4, where the variance matrix of firm-
specific returns is unstructured, change only slightly, and unremarkably, relative to
Specification 2.
1.5.2.4 Analysis of Variance
The estimation approach – the use of REML to estimate the variance param-
eters and the Mixed Model Equations to predict and estimate the random and fixed
coefficients – does not permit a straightforward decomposition of wages into varia-
tion attributable to the components of the wage model. For instance, there is no
analog to a decomposition of variance using changes in model R-squared as in OLS.
Even use of the estimated log likelihood function itself is of little value in assessing
the relative importance of variation attributable to variables with estimated fixed
coefficients and those with estimated random coefficients, as the value of the log
likelihood itself is based only on the residual portion of the wage model. Neverthe-
less, this section attempts to assess the importance of the model’s components in
explaining variation in log wages through an analysis of variance exercise where the
predicted random effects are treated as regressors in a linear regression on wages.
For each of the four specifications, a series of OLS regressions are estimated

















































































































































































































































































































































































































































































































regressors. Table 1.15 presents the results of this exercise.18 For Specification
1, the baseline model wijt = x
(1)′
ijt β
(1) is estimated yielding an R-squared of 0.1797.
Introducing the predicted person intercept α̂i increases the R-squared to 0.6515;
adding the predicted firm intercept ψ̂1 increases the R-squared to 0.9205; and, finally,
including the estimated residuals ε̂ijt increases the R-squared to 1. Thus, observed
worker characteristics (and control variables and time effects) explain roughly 18%
of wage variation; predicted person intercepts explain roughly 47%; firm intercepts
explain 27%; and the remaining 8% is explained by the residual.
For Specification 2, the firm-specific returns are included in the decomposition.
The proportion of variation explained by the predicted person intercepts falls slightly
to 42%; the proportion explained by the predicted firm intercepts is roughly 26%;
and the proportion explained by the residual falls slightly to 7%. Collectively,
the firm-specific returns to human capital account for around 7% of variation in
wages: 3.8% is explained by the predicted returns to experience (for both men
and women); 1.7% is explained by the predicted returns to education (for both
men and women); and, 1.4% is explained by race (for both men and women). In
Specification 3, the proportion of variation attributed to the firm-specific returns to
human capital increases slightly due primarily to an increase in the proportion of
variation attributed to education.
The observed firm characteristics are introduced in Specification 4 and explain
a little over 5% of the variation in wages. The proportion of variation explained
18Results are relatively insensitive to the ordering of the components. Only one ordering is
reported.
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by the firm-specific returns to human capital is slightly over 7%; the proportion
explained by firm intercepts alone is just over 21%. The relative size of these pro-
portions underscores the importance of the firm-specific returns to human capital.
The observed firm characteristics – firm size and industry division of operation –
are broad measures in that they may not be precise enough to capture significant
variation in wages across firms. For example, a larger sample of firms would per-
mit the use of a finer measure of industry (e.g., 4-digit SIC) which would likely
capture more variation in earnings. That the proportion of variation attributed to
the firm-specific returns is greater than the proportion accounted for by observed
firm characteristics probably overstates the relative unimportance of firm observed
characteristics. However, including additional and more precise firm characteris-
tics would likely result in a reallocation of explanatory power from the firm-specific
intercepts to the set of observed characteristics. Collectively, observed firm char-
acteristics and firm-specific intercepts account for 26% of the variation in wages.
Given the 7% of variation attributed to the firm-specific returns to human capital,
the proportion of wages explained by the firm-specific returns is roughly 27% of the
total proportion of wages explained by firms.
1.6 Conclusion
That firms pay different wages is a known characteristic of labor markets.
The reasons for these differentials, however, are not as well understood. While
the results in this paper support previous findings of the existence of firm average
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wage differentials, this papers shows that not only one type of firm-specific pay
applies to all workers. Men and women, whites and non-whites, and experienced
and inexperienced workers earn different wages at different firms.
The observed firm characteristics included in this analysis suggest that large
firms pay higher wages and that industry, even broadly defined, captures variation
in wages across firms. However, these observed firm characteristics explain only a
small portion of wage variation across firms. Including more precise measures of
firm-level characteristics – ones that would influence the wages of all workers at the
firm – may help explain why firms pay high average wages to all workers, though,
would not necessarily decrease the importance of why firms pay specific wages to
specific workers.
Statistically significant variation in firm-specific pay across a variety of worker
characteristics suggests that compensation policy is specific to both the firm and
the workers it employs. Although firm-specific returns may reflect the sorting of
workers into particular types of firms or occupations within firms, they may also
reflect the way firms differentially value the human capital that these characteristics
measure. Firms may adopt production technologies or strategies that require a
particular mix of skills. The empirical literature on firm wage differentials suggests
that firms that pay high average wages may also be more productive firms. If highly
productive technologies require highly skilled workers, then it seems reasonable for
a compensation policy to include high average wages and high returns to education.
The correlation between these pay policy parameters would then reflect the extent
to which these production technologies exist. Finally, if monitoring is difficult in
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certain types of firms, firms may pay higher than average wages to all workers.
If certain types of workers, those who are highly educated and experienced, are
more difficult to monitor or sort into jobs that are more difficult to monitor, then
firms may pay high returns to these characteristics. The existence of variation
in the returns to education and experience alone may reflect monitoring problems
associated with these characteristics of workers. A positive correlation between
these specific returns and firm average wages may suggest that monitoring is difficult
in particular firms and doubly so for the highly educated and experienced workers
employed by those firms.
Moving deeper into the firm by specifying a model that allows unobserved firm
characteristics to influence both average wages as well as worker characteristics, I
find that approximately 27% of the variation in wages attributed to firms arises from
the specific returns that firms pay to the components of human capital. These re-
turns are significantly dispersed across employers, exhibit strong correlations across
firms, and appear to be more important than observed firm characteristics in ex-
plaining variation in wages. The underlying compensation strategies that this model
captures, however, is still an open question. Tying the policy measures estimated
in this paper to other firm-level outcomes, for example, turnover and productivity,
may help answer this question.
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Chapter 2
Confidentiality Protection in the Quarterly Workforce Indicators ∗ †
2.1 Introduction
Disclosure proofing is the set of methods used by statistical agencies to protect
the confidentiality of the identity of and information about the individuals and
businesses that form the underlying data in the system. It is a critical component
of any statistical system which uses confidential data to produce detailed public
statistics, without compromising the confidentiality of the original micro-data.
Since 2003, the U.S. Census Bureau has published a new and novel statistical
series: the Quarterly Workforce Indicators (QWI). The underlying data infrastruc-
ture was designed by the Longitudinal Employer-Household Dynamics Program at
the Census Bureau (Abowd et al. 2004) and is described in detail elsewhere Abowd
et al. (2005). At its core, the QWI system uses administrative records data col-
∗This chapter is a reprint of: ”Confidentiality Protection in the Quarterly Workforce Indica-
tors,” John M. Abowd, Bryce Stephens, and Lars Vilhuber. LEHD Technical Paper TP-2006-02
†This chapter reports the results of research and analysis undertaken by the U.S. Census Bu-
reau staff. This document is released to inform interested parties of research and to encourage
discussion. This research is a part of the U.S. Census Bureaus Longitudinal Employer-Household
Dynamics Program (LEHD), which is partially supported by the National Science Foundation
Grants SES-9978093 and SES-0427889 to Cornell University (Cornell Institute for Social and Eco-
nomic Research), the National Institute on Aging Grant R01 AG018854, and the Alfred P. Sloan
Foundation. The views expressed on statistical, methodological, and technical issues are those of
the author[s] and not necessarily those of the U.S. Census Bureau, its program sponsors or data
providers. Some or all of the data used in this paper are confidential data from the LEHD Program.
The U.S. Census Bureau supports external researchers use of these data through the Research Data
Centers (see www.ces.census.gov). For other questions regarding the data, please contact Jeremy
S. Wu, Program Manager, U.S. Census Bureau, LEHD Program, Demographic Surveys Division,
FOB 3, Room 2138, 4700 Silver Hill Rd., Suitland, MD 20233, USA. (Jeremy.S.Wu@census.gov
http://lehd.dsd.census.gov).
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lected by a large number of states for both jobs and firms. This administrative
database is enhanced with information from other micro-data sets at the Census
Bureau. The QWI statistics offer unprecedented demographic and economic detail
on the local dynamics of labor markets. Because of the fine detail offered by the
published statistics and the confidential nature of the micro-data used to compile
the statistics, confidentiality protection is a critical and integral part of the design
of the QWI system. Only the application of state-of-the-art protection methods
allows the Census Bureau to publish these statistics. In this article, we describe
the fundamental components of the confidentiality protection system as it is used in
the generation of the QWI. We also show that significant protection is provided by
the system, but that the analytic validity of the data remains high. In particular,
we provide evidence that the time-series properties of the disclosure-proofed data
remain intact, and that the disclosure-proofed data is not biased.
In the QWI system, disclosure proofing is required to protect the information
about individuals and businesses that contribute to the unemployment insurance
(UI) wage records, the Quarterly Census of Employment and Wages (QCEW, also
known as ES-202) reports,1 and the Census Bureau demographic data that have been
integrated with these sources. The primary concern of the confidentiality protection
mechanism is thus with small cells, i.e., cells that reflect data on few individuals or
few firms.
Methods for protecting such data have been discussed before (e.g., Cox and
1The Quarterly Census of Employment and Wages (QCEW) statistics are published by BLS in
cooperation with state Labor Market Information offices.
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Zayatz (1993)). In general, data are considered protected when “aggregate cell val-
ues do not closely approximate data for any one respondent in the cell” (Cox and
Zayatz 1993, pg. 5). In the QWI confidentiality protection scheme, confidential
micro-data are considered protected by noise infusion if one of the following condi-
tions holds: (1) any inference regarding the magnitude of a particular respondent’s
data must differ from the confidential quantity by at least c% even if that inference
is made by a coalition of respondents with exact knowledge of their own answers, or
(2) any inference regarding the magnitude of an item is incorrect with probability
no less than y%, where c and y are confidential but generally “large.” Condition (1)
covers protection of magnitudes like total payroll. Condition (2) covers protection
of counts assuming item suppression or some additional protection, like synthetic
data, when the count is too small.
These two conditions are met by the multiple layers of confidentiality pro-
tection in the QWI system. The first layer occurs when job-level estimates are
aggregated to the establishment level. A job-level measurement pertains to a given
individual at a given workplace. As the job-level estimates are aggregated to the
establishment level, the QWI system infuses specially constructed noise into the es-
timates of all of the workplace-level measures. This noise is designed to have three
very important properties. First, every data item is distorted by some minimum
amount. After this noise infusion, the distorted data item is used in all the publica-
tion QWIs. Second, for a given workplace, the data are always distorted in the same
direction (increased or decreased) by the same percentage amount in every period.
Third, the statistical properties of this distortion are such that when the estimates
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are aggregated, the effects of the distortion cancel out for the vast majority of the
estimates, preserving both cross-sectional and time-series analytic validity. The use
of multiplicative noise infusion, similar to what we develop here, as a cross-sectional
confidentiality protection mechanism was first proposed by Evans et al. (1998).
A second layer of confidentiality protection occurs when the workplace-level
measures are aggregated to higher levels, e.g., sub-state geography and industry
detail. The data from many individuals and establishment are combined into a
(relatively) few estimates using a dynamic weight that controls the state-level be-
ginning of quarter employment for all private employers to match the first month
in quarter employment as tabulated from the Quarterly Census of Employment and
Wages (QCEW). The establishment-level weight is used for every indicator in the
QWIs. Hence, an additional difference between the confidential data item and the
released data item arises from this weight The weighting procedure, combined with
the noise infusion, move the published data away from the value contained in the
underlying micro-data, and thus contribute to the protection of the confidentiality
of the micro-data.
Third, some of the aggregate estimates turn out to be based on fewer than
three persons or establishments. These estimates are suppressed and a flag set
to indicate suppression. Suppression is only used when the combination of noise
infusion and weighting may not distort the publication data with a high enough
probability to meet the criteria laid out above. Count data such as employment
are subject to suppression. Continuous dollar measures like payroll are not. All
published estimates are still substantially influenced by the noise that was infused
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in the first layer of the protection system. These distorted estimates are published
and flagged as substantially distorted. Each observation on any one of the published
QWI tables thus has an associated flag that describes its disclosure status.
The remainder of this article is structured as follows. Section 2.2 describes
the multiplicative noise model, and Section 2.3 details its integration into the com-
putation of the QWI. The algorithm underlying the item suppression is outlined in
Section 2.4, whereas the computation of weights is shown in Section 2.5. Sections 2.6
and 2.7 provide evidence on the extent of the protection and the analytic validity,
respectively. Section 2.8 concludes.
2.2 Multiplicative noise model
To implement the multiplicative noise model, a random fuzz factor δj is drawn
for each establishment j according to the following process:
p (δj) =

(b− δ) / (b− a)2 , δ ∈ [a, b]





0, δ < 2− b




, δ ∈ [2− b, 2− a]
0.5, δ ∈ (2− a, a)
0.5 +
[
(b− a)2 − (b− δ)2
]
, δ ∈ [a, b]
1, δ > b
where a = 1 + c/100 and b = 1 + d/100 are constants chosen such that the true
value is distorted by a minimum of c percent and a maximum of d percent.2 Note
that 1 < a < b < 2. This produces a random noise factor centered around 1 with
distortion of at least c and at most d percent. The distribution of δ is plotted in
Figure 2.1.
A fuzz factor is drawn once for each employer, and for each of the establish-
ments associated with that employer. Although fuzz factors vary across establish-
ments, the fuzz factors attached to all establishments of the same employer are
drawn from the same (upper or lower) tail of the fuzz factor distribution. Thus, if
the fuzz factor associated with a particular employer is less than unity, then all of
that employer’s establishments will also have fuzz factors less than unity.
It is important to point out that fuzz factors are permanently attached to
each employer and establishment and are retained for all time periods and for all
revisions of QWI statistics.
2The exact numbers are confidential.
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Figure 2.1: Distribution of Fuzz Factors
2.3 Applying the fuzz factors to estimates
Although all estimates are distorted based on the multiplicative noise model,
the exact implementation depends on the type of estimate that is computed. A full
discussion of how QWI estimates are computed can be found in Abowd et al. (2005),
and a list of definitions for the statistics mentioned in this section, and the formulae
for their computation is provided in Appendix E on page 121. In all cases, the noise
infusion occurs at the level of an establishment estimate. By convention, distorted
values are distinguished from their undistorted counterparts by an asterisk; i.e., the




The fuzz factor δj is used to distort all establishment totals by scaling of the
true establishment level statistic
X∗jt = δjXjt,
where Xjt is an establishment level statistic among beginning-of-quarter (B), end-
of-quarter (E) employment, flow employment (M), full-quarter employment (F ),
accessions (A), separations (S), new hires (H), recalls (R), flows into full-quarter
status (FA), flows out of full-quarter status (FS), new hires into full-quarter status
(FH), total payroll (W1), payroll associated with E (W2), with B (W3), with new
hires (WFH), periods of non-employment for accessions (NA), for new hires (NH),
for recalls (NR), and for separations (NS).
2.3.2 Distorting averages of magnitude variables









where ZYjt is a statistic related to a total Yjt, and B(Y ) is the appropriate de-
nominator for the calculation of the average. Statistics distorted by this method are
average earnings for various groups (ZW2, ZW3, ZWFH,ZWA,ZWS), and average
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periods of non-employment for several groups (ZNA,ZNH,ZNR, and ZNS).
2.3.3 Distorting differences of counts and magnitudes
Distorted net job flow (JF ) is computed at the aggregate (k = geography,
industry, or combination of the two for the appropriate age and sex categories) level
as the product of the aggregated, undistorted rate of growth and the aggregated
distorted employment:




This method of distorting net job flow will consistently estimate net job flow because
it takes the product of two consistent estimators. The formulas for distorting gross
job creation (JC) and job destruction (JD) are similar:








where JCRkt and JDRkt are the aggregated growth rates for job creations and
destructions, respectively. Exactly analogous expressions apply to full-quarter net
job flows (FJF ), full-quarter job creations (FJC) , and full-quarter job destructions
(FJD) .
The same logic was used to distort wage changes for subgroups (accessions,
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separations, full-quarter accessions and separations). The undistorted total changes
were divided by the undistorted denominators then multiplied by the ratio of the
distorted denominator to the undistorted denominator for the computation of aver-
age change in earnings. Averages are distorted by multiplying by the ratio of the









where, again, Y denotes a particular count, and Z∆WY the average change in total
earnings associated with that particular count.
2.4 Item suppression
Despite the noise infusion described in the previous sections, some disclosure
risk remains for counts based on very few entities in a cell. For counts based on data
from fewer than three individuals or employers, the fuzz factors may not provide
sufficient protection. This condition applies to the variables B, E, M , F , A, S,
H, R, FA, FH, FS, JC, JD, JF , FJC, FJD, FJF . The QWIs therefore also
implement item suppression based on the number of either workers or the number of
employers that contribute data for that item in a cell k in time period t, where a cell
represents a particular combination of geography × industry × age × sex. Because
of the noise infusion used previously, however, no complementary suppressions are
needed since all of the values based on three or more individuals or employers are
adequately protected. Any estimate of the suppressed item computed by subtraction
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is also protected.
The algorithm for item suppression for these variables is as follows:
• Check the conditions leading to a disclosure flag of -2 or -1 (data availability).
If met, set the item to missing in the release file.
• Determine whether the value can be computed according to Census standards:
– For the variables JC, JD, and JF , (respectively, FJC, FJD, and FJF )
check whether the denominator average employment (Ēkt; respectively,
F̄kt) in the relevant cell kt rounds to zero.
– Check whether the item in cell kt rounds to zero.
– Check whether the data used to construct the cell kt value were based
on 1 or 2 individuals.
– Check whether the data used to construct the cell kt value were based
on 1 or 2 employers.
If any of these conditions are met, set the disclosure status to 5 and set the
item to missing in the release file.
• Check whether the distortion of cell kt value exceeds the limit set by the
Census Disclosure Review Board3. If so, set the disclosure status to 9 and
copy the distorted value to the release file.
• Otherwise, set the disclosure status to 1 and copy the distorted value to the
release file.
3The precise value is confidential.
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Table 2.1 lists all possible flag values.
Table 2.1: Disclosure flags in the QWI
Flag Explanation
-2 no data available in this category for this quarter
-1 data not available to compute this estimate
0 no employment in this cell, or no positive denominator
(OK to disclose a 0 for sum or count, missing for ratio)
1 OK, distorted value released
5 Value suppressed because it does not meet US Census
Bureau publication standards.
9 data significantly distorted, distorted value released
2.5 Weighting the QWI
The economic concepts underlying the Quarterly Census of Employment and
Wages (QCEW) statistics, published by BLS in cooperation with state Labor Market
Information offices, and the QWI statistics, published by the U.S. Census Bureau,
are similar, but not identical. While the QCEW reports employment on the 12th day
of the month, for all months, as reported by employers for each establishment, the
QWI has several measures of employment, all of which are derived from reports of
quarterly employment and wages of individual workers at particular employers (state
UI accounts). In particular, flow employment can be distinguished from point-in-
time measures. Flow employment Mjt is defined as a simple count of employees who
had positive, UI covered earnings and any time during quarter t at establishment j.
Beginning of quarter employment Bjt, on the other hand, counts the number of
employees present at establishment j in both quarter t and t− 1, and by inference,
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on the 1st day of quarter t. By definition, flow employment will be higher than any
point-in-time measure. The point-in-time measures in the QCEW and the QWI are
comparable, and in particular, the QCEW report for employment on the 12th of
the first month of a quarter (January, April, July, October) is comparable but not
identical to the QWI measure of B.
These two measures are not identical because (a) they do not refer to exactly
the same point in time, (b) the in-scope establishments differ slightly, and (c) they
are computed from different universe data. The actual differences between these
two measures are modeled and captured by the weighting scheme used in the QWI.
To be precise, denote by QCEW1,jt the measured employment for the 12th of the
first month on the QCEW report for establishment j in quarter t and let wt denote









for each time period t.
The weighting is not used to control to sub-state geography and industry
because the characteristics of multi-unit employing establishments are multiply-
imputed in the QWI data. Due to the way in which the UI wage records are collected
at the state agencies, establishment identifiers are missing for multi-units. In the
QCEW, sub-state geography and industry are coded directly at the establishment
level.
The fact that workplace characteristics of geography and industry are multiply-
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imputed for multi-unit employers also has confidentiality protection implications.
The establishment-level QWI micro-data for these entities were not provided by the
responding firm (a UI account). Hence, there are no actual confidential micro-data
measured at the establishment level. In effect, these establishments are protected
by a form of synthetic data.
2.6 Extent of protection
The extent of the protection of the QWI micro-data can be measured by how
many counts differ from their true values. The percentage deviation is a measure of
the uncertainty about the true value that one can infer from the released value. The
following tables show a series of comparisons designed to emphasize the contribution
of each component of the QWI confidentiality protection mechanisms to the uncer-
tainty about the true value. The contributions of weighting and noise-infusion can
be separated by first comparing the undistorted, unweighted data with the undis-
torted, weighted data (Table 2.2), thus tabulating the number of cells that diverge
from their true value solely due to weighting. The undistorted, weighted data are
then compared to the distorted and weighted data (Table 2.3), highlighting the con-
tribution of the noise infusion. Finally, a comparison of the undistorted, unweighted
data with the published data (Table 2.4) brings out the combined contribution of
weighting, noise infusion, and item suppression.
The tables display the row percentages and may be interpreted as the con-
ditional probability of reporting the column entry given the row entry. A promi-
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count 0 1 2 3 4 more
0 99.33 0.66 0.00 0.00 0.00 0.00
1 0.10 96.76 3.13 0.00 0.00 0.00
2 0.01 2.00 84.68 13.26 0.04 0.01
3 0.01 0.01 3.42 75.72 20.26 0.59
4 0.00 0.00 0.01 4.49 67.62 27.87
5 or more 0.00 0.00 0.00 0.01 0.59 99.39




count 0 1 2 3 4 more
0 99.10 0.90 0.00 0.00 0.00 0.00
1 0.11 94.36 5.52 0.00 0.00 0.00
2 0.04 0.53 73.83 25.45 0.13 0.02
3 0.03 0.03 1.42 55.47 41.79 1.25
4 0.02 0.02 0.04 1.85 41.39 56.69
5 or more 0.01 0.01 0.01 0.02 0.21 99.75
Total number of cells: 4,659,408 . For details, see text.
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count 0 1 2 3 4 more
0 99.86 0.14 0.00 0.00 0.00 0.00
1 0.91 95.75 3.34 0.00 0.00 0.00
2 0.00 4.27 87.25 8.47 0.00 0.00
3 0.00 0.00 10.69 77.20 12.11 0.00
4 0.00 0.00 0.00 14.73 67.49 17.78
5 or more 0.00 0.00 0.00 0.00 1.93 98.07
Total number of cells: 14,229,968 . Both comparisons are




count 0 1 2 3 4 more
0 99.83 0.17 0.00 0.00 0.00 0.00
1 0.73 92.35 6.91 0.00 0.00 0.00
2 0.00 5.07 80.45 14.48 0.00 0.00
3 0.00 0.00 12.51 71.21 16.27 0.00
4 0.00 0.00 0.00 17.62 65.74 16.63
5 or more 0.00 0.00 0.00 0.00 1.68 98.32
Total number of cells: 4,659,408 . For details, see text.
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count Suppressed 0 1 2 3 4 more
0 0.79 99.21 0.00 0.00 0.00 0.00 0.00
1 99.91 0.08 0.00 0.00 0.00 0.00 0.00
2 94.02 0.01 0.00 0.00 5.87 0.09 0.01
3 34.33 0.00 0.00 0.00 47.75 16.98 0.94
4 25.87 0.00 0.00 0.00 5.56 43.24 25.32
5 or more 15.20 0.00 0.00 0.00 0.03 0.82 83.95
Total number of cells: 14,229,968 . Raw is unweighted and
undistorted. Published is after weighting, distorting, and




count Suppressed 0 1 2 3 4 more
0 1.06 98.94 0.00 0.00 0.00 0.00 0.00
1 99.90 0.09 0.00 0.00 0.00 0.00 0.00
2 85.71 0.04 0.00 0.00 13.90 0.32 0.02
3 23.54 0.03 0.00 0.00 40.18 33.60 2.65
4 18.06 0.02 0.00 0.00 2.22 33.67 46.04
5 or more 8.44 0.01 0.00 0.00 0.02 0.26 91.26
Total number of cells: 4,659,408 . For details, see text.
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nent feature of Tables 2.2 and 2.3 is the strong weight of the diagonal. The vast
majority of cells is left unchanged by either noise infusion or weighting. Neverthe-
less, both weighting and noise infusion do affect significant number of cells. The
changed cells in Table 2.2 are more likely to be found above the diagonal, demon-
strating that the raw job-level wage records in the QWI system generally estimate
lower beginning-of-quarter employment than month-one employment in the pub-
lished establishment-record-based statistics in the QCEW. The changed cells in Ta-
ble 2.3 are more symmetrically aligned around the diagonal, reflecting the symmetry
of the noise distribution used to distort the data.
Table 2.4 shows the amount of suppression after weighting and noise-infusion
as it relates to the original raw value. Note that all single-individual cells have been
suppressed. This is not true for two-person cells, some of which have a weighted value
that lies above the suppression threshold causing the weighted distorted estimate to
be released. The converse is true for cells with three individuals. Due to weighting,
some of these cells have weighted, undistorted values that lie below the suppression
threshold, and are consequently suppressed. While not explicitly detailed in these
tables, cells that contain count data based on fewer than three firms also generate
suppressions, which are included in the suppression totals. Given the information
in Tables 2.2 and 2.3, almost no cells with 4 or more individuals in the raw data
have distorted and weighted data below 3 (a jump of two columns). Thus, for
these cells, all suppressions are due to a small number of firms in a cell, or one of
the other suppression conditions listed in Table 2.1. Overall, at the level of detail
analyzed here (SIC3 × county × time × sex × age), around 25% of the beginning of
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period employment cells are suppressed in both the states analyzed here. For more
aggregate tabulations, for instance at the SIC Division level, that percentage falls
to between 5% and 10%.
Because total payroll, the other variable considered in detail in this paper, is a
total (magnitude), not a count, it is never suppressed. The combination of weight-
ing and distorting is sufficient to protect the confidentiality of this item without
suppression because if the item is based on a single person or establishment, then
the minimum distortion of the underlying micro-data applies. If the item is based
on 2 employers or establishments then both micro-data items have been distorted
at least the minimum percentage. Knowledge of one’s own value does not help in
inferring another’s value because both data items were distorted in an unknown
direction by an unknown minimum percentage. Even an accurate inference about
one’s own distortion factor supplies no information about the other parties’ distor-
tion factor, thus protecting that item by at least the minimum distortion factor in
each direction.
2.7 Analytic validity
The noise infusion described in Section 2.2 is designed to preserve the analytic
validity of the data. In order to demonstrate how successfully this validity has
been preserved, we provide in this section evidence on the time-series properties
of the distorted data, as well as evidence on the cross-sectional unbiasedness of
the published data. In each case, we used data from Illinois and Maryland. We
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concentrate on two estimates, beginning-of-quarter employment B, and total payroll
W1. The unit of analysis is an interior sub-state geography × industry × age ×
sex cell kt. Sub-state geography in all cases is a county, whereas the industry
classification is SIC. For our purposes, analytic validity is obtained when the data
display no bias and the additional dispersion due to the confidentiality protection
system can be quantified so that statistical inferences can be adjusted to accomodate
it.
2.7.1 Time-series properties of distorted data
To analyze the impact on the time series properties of the distorted data, we
estimated an AR(1) for the time series associated with each cell kt, using county-level
data for all Illinois and Maryland counties. Two AR(1) coefficients are estimated
for each cell-time series. The first order serial correlation coefficient computed using
undistorted data is denoted by r. The estimate computed using the distorted data
is denoted by r∗. For each cell, the error ∆r = r − r∗ is computed. Table 2.5 on
page 79 shows the distribution of the errors ∆r across SIC-division × county cells,
for B,A, S, F , and JF when comparing raw (confidential) data to distorted data,
whereas Table 2.6 on page 80 compares the same variables between the raw and the
published data, which excludes suppressed data items.
The tables show that the time series properties of all variables analyzed re-
main largely unaffected by the distortion. The maximum bias (as measured by the
median of this distribution) is never greater than 0.001 (raw v. distorted or raw
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v. published). The error distribution is tight: the semi-interquartile range of the
distortion for B in Maryland is 0.010, which is less than the precision with which
estimated serial correlation coefficients are normally displayed. The maximum semi-
interquartile range for any variable in any one of the two states is 0.0124.
The distribution of errors is similar when considering raw versus published data
(Table 2.6). Furthermore, although the overall spread of the distribution is slightly
higher when considering two-digit SIC × county and three-digit SIC × county cells,
which are sparser than the SIC-division × county cells, the general results hold there
as well. We conclude that the time series properties of the QWI data are unbiased
with very little additional noise, which is, in general, economically meaningless.
Finally, correlation coefficients between the raw and published data are es-
timated for the time series associated with each cell kt. Table 2.9 provides the
distribution of the correlation coefficients. The time series are highly correlated;
the first percentile of the distribution of the correlation coefficients is no lower than
0.969 and the median is no lower than 0.990.
4The maximum semi-interquartile range for SIC2-based variables is 0.0241, and for SIC3-based
variables, 0.0244.
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Table 2.5: Distribution of the Error in the First Order Serial Correlation: SIC-
division × County, Raw vs. Distorted Data
∆r = r − r∗
Beginning Full
of Quarter Quarter Net Job
Percentile Employment Accessions Separations Employment Flows
IL SIC Division
01 -0.069373 -0.049274 -0.052155 -0.066461 -0.007969
05 -0.041585 -0.031460 -0.032934 -0.039787 -0.004651
10 -0.028849 -0.022166 -0.023733 -0.027926 -0.002785
25 -0.011920 -0.009996 -0.010161 -0.011913 -0.001003
50 0.000571 0.000384 0.000768 0.000306 -0.000044
75 0.013974 0.011806 0.012891 0.012632 0.000776
90 0.030948 0.025152 0.026290 0.028299 0.002263
95 0.044233 0.033871 0.037198 0.040565 0.004375
99 0.078519 0.054415 0.060327 0.074212 0.007845
MD SIC Division
01 -0.059390 -0.050060 -0.049160 -0.048983 -0.010339
05 -0.032436 -0.030694 -0.030720 -0.028823 -0.004482
10 -0.022176 -0.023042 -0.023525 -0.018979 -0.002589
25 -0.009125 -0.010831 -0.010199 -0.007936 -0.001161
50 0.000658 0.000726 0.001123 0.000788 -0.000073
75 0.011639 0.012500 0.012871 0.010200 0.001044
90 0.024883 0.024917 0.024511 0.022358 0.002256
95 0.035014 0.033517 0.033028 0.030864 0.003699
99 0.059709 0.049903 0.050689 0.047204 0.008619
Unit of observation is a cell. Industry aggregation is SIC Division, geography ag-
gregated to county level. For more details, see text.
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Table 2.6: Distribution of the Error in the First Order Serial Correlation: County
x SIC-division × County, Raw vs. Published Data
∆r = r − r∗
Beginning Full
of Quarter Quarter Net Job
Percentile Employment Accessions Separations Employment Flows
IL County x SIC Division
01 -0.085495 -0.092455 -0.098770 -0.079205 -0.008447
05 -0.047704 -0.046665 -0.045208 -0.046830 -0.004959
10 -0.034558 -0.031767 -0.032898 -0.033607 -0.003186
25 -0.015317 -0.014197 -0.015077 -0.015533 -0.001189
50 -0.000512 -0.000997 -0.000707 -0.001000 -0.000049
75 0.013438 0.011536 0.012457 0.011670 0.000861
90 0.030963 0.027037 0.028835 0.027970 0.002489
95 0.044796 0.037906 0.041862 0.040096 0.004801
99 0.080282 0.079122 0.083824 0.077419 0.007537
MD County x SIC Division
01 -0.065342 -0.072899 -0.072959 -0.058021 -0.009081
05 -0.035974 -0.036995 -0.040314 -0.030985 -0.004540
10 -0.024174 -0.027689 -0.028577 -0.021361 -0.002823
25 -0.010393 -0.013686 -0.012505 -0.009401 -0.001243
50 0.000230 -0.000542 0.000797 0.000279 -0.000025
75 0.011382 0.012628 0.013034 0.009429 0.001045
90 0.025160 0.026325 0.025272 0.022027 0.002799
95 0.035176 0.034114 0.034999 0.030152 0.004321
99 0.060042 0.056477 0.055043 0.049213 0.009208
Unit of observation is a cell. Industry aggregation is SIC Division, geography ag-
gregated to county level. For more details, see text.
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Table 2.7: Distribution of the Error in the First Order Serial Correlation: Two-digit
SIC × County, Raw vs. Distorted Data
∆r = r − r∗
Beginning Full
of Quarter Quarter Net Job
Percentile Employment Accessions Separations Employment Flows
IL SIC2
01 -0.070671 -0.052107 -0.057965 -0.068505 -0.017139
05 -0.039739 -0.033252 -0.035271 -0.036607 -0.006337
10 -0.026348 -0.023354 -0.024951 -0.024729 -0.003599
25 -0.009891 -0.010622 -0.010718 -0.009530 -0.001238
50 0.000333 -0.000023 0.000675 0.000212 0.000003
75 0.012089 0.010960 0.013107 0.011015 0.001185
90 0.029082 0.025055 0.028222 0.026441 0.003455
95 0.042054 0.034896 0.038768 0.039589 0.005497
99 0.077996 0.058780 0.065105 0.072694 0.011871
MD SIC2
01 -0.056975 -0.055872 -0.057173 -0.049496 -0.014149
05 -0.033605 -0.035727 -0.037286 -0.029605 -0.006805
10 -0.023911 -0.025826 -0.027422 -0.020951 -0.003828
25 -0.009977 -0.011753 -0.012791 -0.008451 -0.001427
50 0.000075 0.000332 -0.000282 0.000140 0.000082
75 0.010242 0.012439 0.011353 0.008987 0.001532
90 0.024432 0.026786 0.025800 0.021818 0.004062
95 0.035468 0.035693 0.035284 0.031619 0.006035
99 0.061907 0.055054 0.055839 0.054744 0.011731
Unit of observation is a cell. Industry aggregation is SIC2, geography aggregated
to county level. For more details, see text.
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Table 2.8: Distribution of the Error in the First Order Serial Correlation: Two-digit
SIC × County, Raw vs. Published Data
∆r = r − r∗
Beginning Full
of Quarter Quarter Net Job
Percentile Employment Accessions Separations Employment Flows
IL SIC2
01 -0.129094 -0.104500 -0.102003 -0.123819 -0.019439
05 -0.056734 -0.054465 -0.054423 -0.054914 -0.006630
10 -0.038474 -0.037901 -0.036443 -0.036726 -0.004058
25 -0.016431 -0.016847 -0.016628 -0.016082 -0.001277
50 -0.001610 -0.002131 -0.000789 -0.001742 0.000022
75 0.011486 0.011319 0.013833 0.010231 0.001235
90 0.029364 0.027751 0.031744 0.026192 0.003639
95 0.043912 0.039888 0.046670 0.040161 0.005915
99 0.082596 0.079321 0.098374 0.076498 0.014536
MD SIC2
01 -0.101585 -0.091941 -0.096422 -0.105893 -0.016338
05 -0.049849 -0.049707 -0.053894 -0.043979 -0.007201
10 -0.032742 -0.035509 -0.038168 -0.030164 -0.004159
25 -0.015218 -0.017011 -0.018759 -0.013736 -0.001780
50 -0.001978 -0.001817 -0.002780 -0.001532 0.000024
75 0.009548 0.013094 0.011995 0.008193 0.001590
90 0.024396 0.029727 0.028478 0.021555 0.004398
95 0.035172 0.041838 0.042422 0.032194 0.006325
99 0.065299 0.097201 0.105719 0.057076 0.012864
Unit of observation is a cell. Industry aggregation is SIC2, geography aggregated
to county level. For more details, see text.
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Table 2.9: Distribution of Correlation Coefficients: SIC Division × County, Raw vs.
Published Data
Beginning Full
of Quarter Quarter Net Job
Percentile Employment Accessions Separations Employment Flows
IL SIC DIVISION
01 0.969 0.990 0.990 0.969 0.994
05 0.984 0.992 0.992 0.985 0.997
10 0.989 0.993 0.993 0.989 0.998
25 0.993 0.994 0.994 0.993 0.999
50 0.997 0.996 0.996 0.997 1.000
75 0.998 0.998 0.998 0.999 1.000
90 1.000 0.999 0.999 1.000 1.000
95 1.000 1.000 1.000 1.000 1.000
99 1.000 1.000 1.000 1.000 1.000
MD SIC DIVISION
01 0.982 0.991 0.991 0.980 0.995
05 0.989 0.993 0.993 0.989 0.998
10 0.992 0.994 0.994 0.992 0.999
25 0.995 0.995 0.995 0.995 1.000
50 0.998 0.997 0.997 0.997 1.000
75 0.999 0.998 0.998 0.999 1.000
90 1.000 0.999 0.999 1.000 1.000
95 1.000 1.000 1.000 1.000 1.000
99 1.000 1.000 1.000 1.000 1.000
Unit of observation is a cell. Industry aggregation is SIC Division, geography ag-
gregated to county level.
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2.7.2 Cross-sectional unbiasedness of the distorted data
The distribution of the infused noise is symmetric, and allocation of the fuzz
factors is random. The data distribution resulting from the noise infusion should
thus be unbiased. Evidence of unbiasedness is provided by Figures 2.2 and 2.3. Each
graph shows, for the states of Illinois (a) and Maryland (b) and a variable X, the





where X is B or W1. All histograms are weighted by Bkt. Industry classification is
three-digit SIC (industry groups).
Both the distribution of ∆B and ∆W1 have most mass around the mode at
zero percent. Also, as is to be expected, both present secondary spikes around ±c,








Figure 2.3: Distribution of Noise: W1
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2.8 Concluding remarks
In this paper, we provided a description of the confidentiality protection mech-
anism used in the generation of the Quarterly Workforce Indicators (QWIs). A
notable feature of this disclosure proofing mechanism is the absence of table-level
or complementary suppressions. Thus, although a significant number of count item
values are indeed suppressed, the vast majority of counts are releasable data. All
ratios and sums are released without suppression. To our knowledge, this is the first
large-scale implementation of confidentiality protection by noise infusion.
Results from a comparison of the time-series characteristics of the undistorted
and the distorted data shows remarkable consistency in the serial correlation coef-
ficients between the two series at highly detailed levels. Furthermore, there is little
or no bias in induced on average by the confidentiality protection mechanism, and
the distributions of bias are tightly centered around the modal bias of zero.
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Chapter 3
Imputation of Place of Work in the Quarterly Workforce Indicators:
Implementation and Assessment ∗ †
3.1 Introduction
A primary objective of the QWI is to provide employment, job and worker
flow, and wage measures at a very fine level of geographic (place-of-work) and in-
dustry detail. The structure of the administrative data received by LEHD from
state partners, however, poses a challenge to achieving this goal. QWI measures are
primarily based on the processing of UI wage records which report, with the excep-
tion of Minnesota, only the employing firm of workers.1 The QCEW micro-data,
however, are comprised of establishment-level records which provide the level of ge-
∗Sections 3.1 through 3.3 are taken directly from: ”The LEHD Infrastructure Files and the
creation of the Quarterly Workforce Indicators,” John M. Abowd, Bryce Stephens, Lars Vilhu-
ber with Frederik Andersson, Kevin L. McKinney, Marc Roemer, and Simon Woodcock. LEHD
Technical Paper TP-2006-01.
†This chapter reports the results of research and analysis undertaken by the U.S. Census Bu-
reau staff. This document is released to inform interested parties of research and to encourage
discussion. This research is a part of the U.S. Census Bureaus Longitudinal Employer-Household
Dynamics Program (LEHD), which is partially supported by the National Science Foundation
Grants SES-9978093 and SES-0427889 to Cornell University (Cornell Institute for Social and Eco-
nomic Research), the National Institute on Aging Grant R01 AG018854, and the Alfred P. Sloan
Foundation. The views expressed on statistical, methodological, and technical issues are those of
the author[s] and not necessarily those of the U.S. Census Bureau, its program sponsors or data
providers. Some or all of the data used in this paper are confidential data from the LEHD Program.
The U.S. Census Bureau supports external researchers use of these data through the Research Data
Centers (see www.ces.census.gov). For other questions regarding the data, please contact Jeremy
S. Wu, Program Manager, U.S. Census Bureau, LEHD Program, Demographic Surveys Division,
FOB 3, Room 2138, 4700 Silver Hill Rd., Suitland, MD 20233, USA. (Jeremy.S.Wu@census.gov
http://lehd.dsd.census.gov).
1The employing firm is identified by a State Employer Identification Number (SEIN) that
appears on individuals’ wage records.
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ographic and industry detail needed to produce the QWI. For firms operating only
one establishment, the attachment of establishment-level characteristics is trivial.
However, approximately 30 to 40 percent of state-level employment is concentrated
in firms that operate more than one establishment. For these multi-establishment
firms, an identifier on workers’ wage records identifies the employing firm in the
QCEW data, though, not the employing establishment.
In order to attach establishment-level characteristics to workers of multi-
establishment firms, a probability model for employment location and imputation
was developed. The model explains establishment-of-employment using two key
characteristics available in the LEHD data: 1) distance between place-of-work and
place-of-residence and 2) the distribution of employment across establishments of
multi-establishment firms. The model is estimated using data from Minnesota,
where both the firm and establishment identifiers appear on a worker’s UI wage
record. Then, parameters from this estimation are used to multiply impute establishment-
of-employment for workers in the data from other states. Emerging from this process
is an output file, called the unit-to-worker (U2W), containing ten imputed estab-
lishments for each worker of a multi-establishment firm. These implicates are then
used in the downstream processing of the QWI. The statistical methods used to es-
timate the location model and to implement the multiple imputation are discussed
in further detail in Rubin (1976), Rubin (1987), and Little and Rubin (1986).
The U2W process relies on information from five infrastructure files: (1) an
Employer Characteristics File (ECF) containing information on firms and establish-
ments, (2) a Geocoded Address List (GAL) file containing geography information
89
for establishments and workers, (3) an Employment History File (EHF) contain-
ing individual earnings histories for workers in the UI universe, (4) an Individual
Characteristics File (ICF) containing demographic information of workers in the
UI universe, and (5) a Successor-Predecessor File (SPF) which provides a longi-
tudinally consistent set of firm-level identifiers. Within the ECF, the universe of
multi-establishment firms is identified. For these firms, the ECF also provides
establishment-level employment, date-of-birth, and location (which is acquired from
the GAL). The SPF contains information on predecessor relationships which may
lead to the revision of date-of-birth implied by the ECF. Finally, individual work
histories in the EHF in conjunction with place-of-residence information stored in
the ICF provide the necessary worker information needed to estimate and apply the
imputation model.
3.2 A Probability Model for Employment Location
3.2.1 Definitions
Let i = 1, ..., I index workers, j = 1, ..., J index firms (SEINs), and t = 1, ..., T
index time (quarters). Let Rjt denote the number of active establishments at
firm j in quarter t, let R = maxj,tRjt, and r = 1, ...,R index establishments.
Note the index r is nested within j. Let Njrt denote the quarter t employment of
establishment r in firm j. Finally, if worker i was employed at firm j in t, denote by
yijt the establishment at which she was employed.
Let Jt denote the set of firms active in quarter t, let Ijt denote the set of indi-
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viduals employed at firm j in quarter t, let Rjt denote the set of active (Njrt > 0) es-
tablishments at firm j in t, and let Rijt ⊂ Rjt denote the set of active establishments
that are feasible for worker i. Feasibility is defined as follows. An establishment
r ∈ Rijt if Njrs > 0 for every quarter s that i was employed at j.
3.2.2 The Probability Model










where αjrt is a establishment- and quarter-specific effect, xijrt is a time-varying
vector of characteristics of the worker and establishment, and β measures the effect
of characteristics on the probability of being employed at a particular establishment.
In the current implementation, xijrt is a linear spline in the (great-circle) distance
between worker i’s residence and the physical location of establishment r. The spline
has knots at 25, 50, and 100 miles.
Using (3.1), the following likelihood is defined


















and where y is the appropriately-dimensioned vector of the outcome variables yijt,
α is the appropriately-dimensioned vector of the αjrt, and x is the appropriately-
dimensioned matrix of characteristics xijrt. For αjrt, a hierarchical Bayesian model
based on employment counts Njrt is specified.
The object of interest is the joint posterior distribution of α and β. A uniform
prior on β, p (β) ∝ 1 is assumed. The characterization of p (α, β|x, y,N) is based
on the factorization
p (α, β|x, y,N) = p (α|N) p (β|α, x, y)
∝ p (α|N) p (β) p (y|α, β, x)
∝ p (α|N) p (y|α, β, x) . (3.4)
Thus the joint posterior (3.4) is completely characterized by the posterior of α and
the likelihood of y in (3.2). Note (3.2) and (3.4) assume that the employment counts
N affect employment location y only through the parameters α.
3.2.3 Estimation
The joint posterior p (α, β|x, y,N) is approximated at the posterior mode. In
particular, we estimate the posterior mode of p (β|α, x, y) evaluated at the posterior
mode of α. We compute the posterior modal values of the αjrt, then, maximize the
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log posterior density


















which is evaluated at the posterior modal values of the αjrt, using a modified Newton-
Raphson method. The mode-finding exercise is based on the gradient and Hessian
of (3.5). In practice, (3.5) is estimated for three firm employment size classes: 1-
100 employees, 101-500 employees, and greater than 500 employees, using data for
Minnesota.
3.3 Imputing Place of Work
After estimating the probability model using Minnesota data, the estimated
parameters are applied in the imputation process for other states. A description of
the imputation method, as it relates to the probability model previously discussed,
is provided in this section. Emphasis is placed on not only the imputation process
itself but also the preparation of input data.
3.3.1 Sketch of Imputation Method
Ignoring temporal considerations, 10 implicates are generated as follows. First,
using the mean and variance of β estimated from the Minnesota data, we take 10
draws of β from the normal approximation (at the mode) to p (β|α, x, y) . Next,
using QCEW employment counts for the establishments, we compute 10 values of
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αjt based on the hierarchical model for these parameters. Note these are draws
from the exact posterior distribution of the αjrt. The drawn values of α and β are
used to draw 10 imputed values of place of work from the normal approximation to
the posterior predictive distribution
p (ỹ|x, y) =
∫ ∫
p (ỹ|α, β, x, y) p (α|N) p (β|α, x, y) dαdβ. (3.6)
3.3.2 Implementation
3.3.2.1 Establishment Data
Using state-level micro-data, the set of firms (SEINs) that ever operate more
that one establishment in a given quarter are identified; these SEINs represent the
set of ever-multi-establishment firms defined above as the set Jt. For each of these
firms, its establishment-level records are identified. For each establishment, lat-
itude and longitude coordinates, which emerge from GAL processing, parent firm
(SEIN) employment, and QCEW first month employment2 for the entire history
of the establishment are retained. Those establishments with positive first-month
employment in a given quarter characterize Rjt, the set of all active establishments.
An establishment date-of-birth is identified and, in most cases, is the first quarter
in the QCEW time series in which the establishment has positive first-month em-
ployment. For some firms, predecessor relationships are identified in the SPF; in
those instances, the establishment date-of-birth is adjusted to coincided with that
2In rare instances where no QCEW employment is available, an alternative employment measure




The EHF provides the earnings histories for employees of the ever-multi-
establishment firms. For each in-scope job (a worker-firm pair), one observation is
generated for the end of each job spell, where a job spell is defined as a continuum
of quarters of positive earnings for worker at a particular firm during which there
are no more than 3 consecutive periods of non-positive earnings.3 The start-date
of the job history is identified as the first quarter of positive earnings; the end-date
is the last date of positive earnings.4 These job spells characterize the set Ijt.
3.3.2.3 Candidates
Once the universe of establishments and workers is identified, data are com-
bined and a priori restrictions and feasibility assumptions are imposed. For each
quarter of the date series, the history of every job spell that ends in that quarter
is compared to the history of every active (in terms of QCEW first month employ-
ment) establishment of the employing firm (SEIN). The start date of the job spell is
compared to the birth date of each establishment. Establishments that were born
after the start of a job spell are immediately discarded from the set of candidate
3A new hire is defined in the QWI as a worker who acceeds to a firm in the current period but
was not employed by the same firm in any of the 4 previous periods. A new job spell is created
if, for example, a worker leaves a firm for 4 or more quarters and is subsequently re-employed by
the same firm.
4By definition, an end-date for a job spell is not assigned in cases where a quarter of positive
earnings at a firm is succeeded by fewer than 4 quarters of non-employment and subsequent re-
employment by the same firm.
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establishments. The remaining establishments constitute the set Rijt ⊂ Rjt for a
job spell (worker) at a given firm.5
Given the structure of the pairing of job spells with candidate establishments,
it is clear that within job spell changes of establishment are ruled-out. An estab-
lishment is imputed once for each job spell thereby creating no false labor market
transitions.6
3.3.2.4 Imputation and Output Data
Once the input data are organized, a set of 10 imputed establishment identifiers
are generated for each job spell ending in every quarter for which both QCEW and
UI wage records exist. For each quarter, implicate, and size class, s = 1, 2, 3,
the parameters on the linear spline in distance between place-of-work and place-of-
residence β̂s are sampled from the normal approximation of the posterior predictive
distribution of βs conditional on Minnesota (MN)
p(βs|αMN , xMN , yMN) (3.7)
The draws from this distribution vary across implicates, but not across time, firms,
and individuals.
5The sample of UI wage and QCEW data chosen for processing of the QWI is such that the
start and end dates are the same. Birth and death dates of establishments are, more precisely,
the dates associated with the beginning and ending of employment activity observed in the data.
The same is true for the dates assigned to the job spells.
6More specifically, an establishment is imputed to a job spell only once within each implicate.
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Next, for each firm j at time t, a set of α̂jrt are drawn from
p (αST |NST ) (3.8)
which are based on the QCEW first-month employment totals (Njrt) for all candidate
establishments rjt ⊂ Rjtat firm j within the state (ST ) being processed. The initial
draws of α̂jrt from this distribution vary across time and firms but not across job
spells.
Combining (3.7) and (3.8) yields
p (αST |NST ) p(βs|αMN , xMN , yMN) (3.9)
≈ p (αST |NST ) p(βs|αST , xST , yST )
= p (αST , βST |xST , yST , NST )
an approximation of the joint posterior distribution of α and βs (3.4) conditional
on data from the state being processed.
The draws β̂s and α̂jrt conjunction with the establishment, firm, and job spell
data are used to construct the pijrt in (3.1) for all candidate establishments r ∈ Rijt.
For each job spell and candidate establishment combination, the β̂s are applied to the
calculated distance between place-of-residence (of the worker holding the job spell)
and the location of the establishment, where the choice of β̂sdepends on the size class
of the establishment’s parent firm. For each combination an α̂jrt is drawn which is
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based primarily on the size (in terms of employment) of the establishment relative
to other active establishments at the parent firm. In conjunction, these determine
the conditional probability pijrt of a candidate establishment’s assignment to a given
job spell. Finally, from this distribution of probabilities is drawn an establishment
of employment.
Emerging from the imputation process is a data file containing a set of 10 im-
puted establishment identifiers for each job spell. In a minority of cases, the model
fails to impute an establishment to a job spell. This is often due to unanticipated
idiosyncrasies in the underlying administrative data. Furthermore, across states,
the proportion of these failures relative to successful imputation is well under 0.5%.
For these job spells, a dummy establishment identifier is assigned and in downstream
processing, the employment-weighted modal firm-level characteristics are used.
3.4 Analysis
3.4.1 Analytic Validity
The file containing the 10 imputed establishment identifiers is used in con-
junction with other worker and firm data to produce the 30 public use measures
contained in the QWI for all state data in the LEHD Program except for Min-
nesota. For Minnesota, the recorded establishment of employment for multi-unit
employers is used to create the QWI. One way of assessing the sensitivity of the
QWI measures to the imputation of place of work is to compare the set of QWI
measures for Minnesota that emerge from the regular processing of data using the
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recorded establishment of employment – call these the MNTRUE QWI – to a set
of QWI measures generated where the employing establishment is treated as un-
known – call these the MNIMPUTED QWI. This section provides an analysis of
the discrepancy between the MNTRUE QWI versus the MNIMPUTED QWI for
the universe of private employers for three levels of industry aggregation – SIC Di-
vision, 2-digit SIC, and 3-digit SIC – by county, age group, and sex for sets of QWI
measures emerging from various points in the QWI production process.
The final set of 30 QWI measures that is published go through two stages of
processing, after the imputation of establishment stage, that introduce variability
in the measures. The first is the application of an establishment-level weight that
is constructed to target state-level, quarterly Beginning of Quarter Employment
to First Month Employment in the Quarterly Census of Employment and Wages
published by the Bureau of Labor Statistics (BLS). This establishment-level weight
is applied to the aggregation of all worker- and establishment-level QWI measures.
The second is the application of additional confidentiality protections including:
(1) the application of an establishment-level noise infusion factor (a ”fuzz” factor)
which distorts all measures tabulated using the raw and establishment-level weighted
input data and (2) the suppression of data cells to which too few firms or employees
contribute data. Moreover, the establishment-level fuzz factors are constructed
so that for each state and quarter, the aggregate value of any QWI measure is
approximately equal to the measure’s undistorted value; however, at lower levels of
aggregation (e.g., a data cell for a specific sex and agegroup), it is more likely that
the distorted values will deviate from the tabulated raw value.
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The application of the establishment-level weights and fuzz factors to the QWI
measures may introduce variability in the final QWI measures not due to imputa-
tion of establishment of work. Thus, discrepancies between the QWI measures for
MNTRUE and MNIMPUTED that emerge from the final stage of processing are
attributable to the imputation of establishment as well as the establishment-level
weights and fuzz factors. In order to control for the impact of the establishment-
level weights and fuzz factors on the bias statistics, as well as investigate the impact
of the weights and factors on the discrepancies between the MNTRUE and MNIM-
PUTED QWI, three sets of QWI measures are generated for both MNTRUE and
MNIMPUTED:
• Raw, No Establishment Weight Applied. This is a set of QWI measures
generated without the application of the establishment-level weight and fuzz
factor.
• Raw, Establishment Weight Applied. This is a set of QWI measures gener-
ated with the application of the establishment-level weight and without the
establishment-level fuzz factor.
• Fuzzed, Establishment Weight Applied. This is a set of QWI measures gen-
erate with the application of the establishment-level weight and fuzz factor.
The 30 published QWI measures are listed in Table 3.1. Definitions and fun-
damental concepts related to the construction of the QWI measures are provided
in Appendix E. For each interior data cell (defined by county, industry, agegroup,
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and sex) for each of the industry aggregations (SIC Division, 1-digit SIC, and 2-
digit SIC) for all private employers over 1994Q3 through 2004Q3, a percentage or
level bias statistic, measuring the discrepancy between the MNIMPUTED and MN-
TRUTH is calculated. For the four core employment measures (B, E, F, and M),
the level earnings measures, and the measures of periods of non-employment, the
following percentage bias statistic is calculated:
percentage bias =
MNIMPUTED Value − MNTRUE Value
MNTRUE Value
The measures for which the percentage bias is calculated, in the majority of data
cells, take on non-zero values and, thus, a percentage bias measure is appropriate.
For the remaining measures, for which in a sizeable number of data cells a
value of 0 is valid, a level bias measure is calculated:
level bias = MNIMPUTED Value − MNTRUE Value
Tables in Appendix F present statistics summarizing the distribution of the bias
for the 30 QWI public use measures for SIC Division by 2-digit SIC and 3-digit
SIC. In each table, there are 6 columns of data. The first two columns correspond
to the ”Raw, No Establishment Weight Applied” comparison of MNTRUTH to
MNIMPUTED; the second two columns correspond to the ”Raw, Establishment
Weight Applied” comparison; and the third two columns correspond to the ”Fuzzed,




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































summary statistics of the distribution of either the percentage or level bias; the
second column provides weighted summary statistics for the percentage biases.7
Table F.1 presents summary statistics for the percentage bias of M, Flow
Employment, for the SIC Division industry aggregation. M is simply a count
of the number of wage records with positive earnings in a given quarter and is,
in a sense, the purest employment measure created, as by definition it does not
rely on the existence of previous or future quarters of positive earnings at a given
establishment.8 The first two columns present summary statistics on the percentage
bias calculated using QWI data for which the establishment-level weights and fuzz
factors are not applied. Notice that the mean of the percentage bias is close to zero
and the median is equal to zero. The difference between the 90th and 10th percentile
is 0.4040 and the inter-quartile spread is 0.1071. Weighting the percentage bias by
M, results in a tightening of the distribution of the bias, reducing the difference
between the 90th and 10th percentile to 0.2111 and the inter-quartile (75th minus
25th) spread to 0.0722. The tightening of the distribution due to weighting suggests
that the imputation algorithm does a better job of allocating employment to larger
data cells. The application of the establishment-level weights (the third and fourth
data columns) and the establishment-level fuzz factors (the fifth and sixth columns)
impact the distribution of the bias only slightly, leading to a small tightening of the
difference between the 90th and 10th percentile as well as the inter-quartile spreads.
7Table 3.1 indicates which type of bias is calculated for each measure as well as the employment
measure chosen in weighting the bias measures
8For instance, in order for a UI wage record to contribute to B, Beginning of Quarter Employ-
ment, there must be positive earnings a the employment establishment in both the previous and
current quarter.
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Table F.16 presents summary statistics for the percentage bias of M for the
2-digit SIC industry aggregation. Compared to the distribution of the bias for the
SIC Division aggregation, the unweighted median remains at zero, though the un-
weighted mean increases to 1.35, most likely the influence of outliers accompanying
the expansions of data cells in moving to a more disaggregated industry classifica-
tion. Also, the inter-quartile spread is smaller and the difference between the 90th
and 10th percentiles is larger moving from the SIC Division to 2-digit SIC industry
aggregation suggesting a tightening of the center of the distribution and a widening
in the tails. Weighting the proportional bias leads to a tightening of the difference
between the 90th and 10th percentiles and a widening of the inter-quartile spread.
Finally, the application of the establishment-level employment weight (columns 2
and 3) leads to a noticeable tightening of the distribution of the bias; this tightening
is sustained when the fuzz factors are applied. The tightening of the distribution
under the establishment-level weights suggests that the final QWI measures that are
published are, in a sense, less biased than those that would emerge in the absence
of the establishment-level weights.
Table F.31 presents summary statistics for the percentage bias of M for the
3-digit SIC industry aggregation. The dispersion in the bias increases as measured
by an increase in the difference between the 90th and 10th percentile (1.5000) and
the inter-quartile spread (0.2459). Again, this increase is most likely due to the
further increase in data cells associated with moving to a lower level of industry
aggregation. Finally, the introduction of the establishment-level weights leads to a
noticeable tightening of the distribution of the bias, as before for the bias for the
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2-digit SIC industry aggregation.
For the additional variables – B, E, F, W1, Z NA, Z NH, Z NR, Z NS, Z W2,
Z W3, Z WFA, and Z WH3 – for which percentage bias measures are calculated,
changes in the distribution of the bias across industry aggregations and due to the
influence of the establishment-level weights and fuzz factors are similar to those for
the distribution of the bias for M.
For the employment flow measures – A, FA, FJC, FJD, FJF, FS, H, H3, JC,
JD, JF, R, S, and FT – a level bias is calculated. Changes in the distribution of the
level bias for these variables are similar across industry aggregations. A discussion
of the level bias for A, Accessions, illustrates. In Table F.8 for the SIC Division
aggregate, the median value and the inter-quartile spread of the level bias is 0,
reflecting, primarily, the prevalence of data cells – in both MNTRUE and MNIM-
PUTED – in which no accessions occur. The introduction of the establishment-level
weights and fuzz factors induces a small widening on the left tail of the distribution.
Moving across industry aggregates (Table F.23 and Table F.38), both the difference
between the 90th and 10th percentile and the inter-quartile spread fall. This is due
primarily to the increase in data cells in which no accessions occur.
Finally, for the two remaining measures of change in earnings – Z dWA and
Z dWS in Tables F.15, F.30, and F.45– moving across industry aggregations leads
to an increase in the absolute value of the average bias as well as a widening of the
distribution of each bias. The introduction of the establishment-level weights leads
to a tightening of the distribution of the bias across all industry aggregations.
One of the most interesting observations emerging from the comparison of the
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bias statistics across stages in QWI processing – particularly between the tabulations
with and without the establishment-level weight applied – is the overall tightening of
the distribution of the bias. The establishment-level weight is constructed to ensure
that quarterly Beginning of Period Employment (B) is approximately equal to quar-
terly First Month Employment as published by the BLS. At the establishment-level,
the weights, loosely speaking, are constructed so that establishment-level calcula-
tion of B is adjusted toward the recorded establishment-level First Month Employ-
ment (as recorded in the Quarterly Census of Employment and Wages micro-data).
Thus, regardless of the nature of the input data to the QWI production process –
e.g., regardless of whether the production for Minnesota uses recorded or imputed
establishment of work – the tabulated measure B is pushed toward the target value
of First Month Employment at the establishment-level. Thus, the bias measures
calculated for any data cell and for any QWI measures (assuming other measures
are positively correlated with B) using the MNTRUE and MNIMPUTED QWI with
the establishment weights applied should be less dispersed than the bias measures
with the establishment weights not applied as measures are being pushed toward
the same target value.
3.4.2 Time Series Correlation
Correlation coefficients between the raw and published data are estimated for
the time series associated with each cell kt for B (Beginning-of-Period Employment),
A (Accessions), S (Separations), F (Full Quarter Employment), and JF (Net Job
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Flows). Table 3.2 provides the distribution of the correlation coefficients. The
median of the distribution of the correlation coefficients is over 0.99 for all measures,
with the exception of JF. The lower percentiles of the distribution suggest lower
correlations for A, S, and JF relative to B and F.
Table 3.2: Distribution of Correlation Coefficients: SIC Division × County, Un-
weighted MNTRUE vs. Unweighted MNIMPUTED
Beginning Full
of Quarter Quarter Net Job
Percentile Employment Accessions Separations Employment Flows
Minnesota SIC Division
01 0.547 0.198 0.155 0.583 0.112
05 0.582 0.366 0.469 0.619 0.266
10 0.637 0.653 0.689 0.783 0.503
25 0.988 0.968 0.979 0.986 0.767
50 0.996 0.990 0.990 0.996 0.903
75 0.999 0.994 0.995 0.998 0.976
90 0.999 0.998 0.998 0.999 0.989
95 1.000 0.998 0.998 1.000 0.993
99 1.000 0.999 0.999 1.000 0.998
Unit of observation is a data cell. Industry aggregation is SIC Division, geography
aggregated to county level.
3.5 Conclusion
This paper provides a description of the development and implementation of
the imputation of place-of-work in the Quarterly Workforce Indicators as well as
an evaluation of the impact of the imputation process on the set of 30 public use
measures published by the Longitudinal Employer-Household Dynamics Program,
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U.S. Bureau of the Census. The imputation process, which relies primarily on
the distance between place-of-work and place-of-residence and the distribution of
employment across establishments of multi-establishment firms to assign workers to
place of work, is critical to the provision of the QWI measures at the finest possible
level of demographic and geographic detail. This paper provides an description
of the imputation process as well as an evaluation of the impact of the imputation
process on the QWI public use measures. It is shown that the stage in QWI pro-
cessing that introduces establishment-level weights in the tabulation of the public




REML Estimation of Variance Parameters
A.1 Transforming the Data
REML estimation of the variance components requires performing maximum
likelihood estimation on the portion of the dependent variable – wages – net of the
model’s fixed effects. The discussion that follows is based on the one provided in
(Searle et al. (1992)).
First, multiply (1.8) by some vector k yielding:
k′w = k′Xβ + k′X(2)Ψ + k′Dα (A.1)
where:
k′Xβ = 0 ∀ β (A.2)
Thus:
k′X = 0 (A.3)
The vector k′ is of a specific form, described further in Appendix M.4e of
(Searle et al. (1992)). The number of linearly independent vectors k′ is determined
by the order (N × (kl +m)) and rank r of the matrix of covariates in X for which
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fixed effects are estimated. These vectors are collected in a matrix K so that
K ′X = 0.
A.2 Estimation of Variance Components
From equation (1.8) we have:
w ∼ N(Xβ, V ) (A.4)
where:
V = X(2)(IJ ⊗ Γ)X(2)′ + σ2αDD′ + σ2εIN (A.5)
Pre-multiplying by K ′ yields:
K ′w ∼ N(0, K ′V K) (A.6)




(N − r) log 2π − 1
2
log |K ′V K| − 1
2
w′K (K ′V K)
−1
K ′w (A.7)
Differentiating the likelihood with respect to the variance parameters σ2α, σ
2
ε , and
the elements of Γ yields the first order conditions (REML equations) for the maxi-
mization of the likelihood.1
1 ∂LR
∂σ2Γ
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w′K (K ′V K)
−1
K ′K(K ′V K)−1K ′w
Setting the first order conditions equal to zero and using P = K(K ′V K)−1K ′
yields:
trace(PDD′) = w′PDD′Pw (A.8)
trace(PX(2)X(2)′) = w′PX(2)X(2)′Pw
trace(P ) = w′PPw
For the purpose of estimation, the conditions in (A.8) and the elements of the




for i, j = α,Γ, ε are evaluated using the Average
Information (AI) algorithm discussed in Gilmore et al. (1995).
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Appendix B
Derivation of Best Linear Unbiased Estimates (BLUEs) and Best
Linear Unbiased Predictors (BLUPs)
Using the estimates of σ̂2α, σ̂
2
ε , and the elements of Γ̂ that emerge from REML
estimation, estimates of the fixed coefficients β̂ and the realized random coefficients
Ψ̂ and α̂ are obtained by maximizing the joint density of w, Ψ, and α with respect









































































the Mixed Model (or Henderson) Equations. Solving yields the Best Linear Un-
biased Estimates (BLUEs) β̂, the vector of fixed coefficients, and the Best Linear
Unbiased Predictors (BLUPs) Ψ̂, the random firm coefficients and intercepts, and
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α̂, the random person intercepts:




























X(2)′ + σ2εIN (B.4)
In practice, estimates of the variance parameters σ2α, σ
2
ε , and Γ emerging from REML
estimation are used to derive β̂, Ψ̂, and α̂. Estimates of the residuals are given by:
ε̂ = w −Xβ̂ −X(2)Ψ̂−Dα̂ (B.5)
Equation (B.1) also illustrates two key aspects of mixed model approach in
the context of prediction in a model with random effects. First, as
∣∣∣∣∣∣∣∣∣∣∣






the solutions for β̂, Ψ̂, and α̂ tend to the generalized least squares estimates where
113
Ψ̂ and α̂ are treated as fixed instead of random. Given






the well known issues of identification that are present in models where Ψ̂ and
α̂ are treated as fixed are not present in the random effects case. Second, the
off-diagonal elements of the left-hand-side of equation (B.1) reveal the impact of
non-orthogonality assumption inherent in the modeling approach. These elements
take into account the correlation of the designs of the person (D) and firm (X(2))





In Specification 1, the only firm-level random effect is an intercept. Thus, all
covariates are included in x
(1)
ijt for which parameters are fixed. x
(2)
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(2) + Ψj + αi + εijt (C.3)
where Ψj contains only one element, an intercept.
C.2 Specification 2
In Specification 2, the returns to the components of (and controls for) human
capital are permitted to vary across firms and are contained in the vector x
(2)
it .
























































where the vector Ψj captures the firm-specific returns to the elements of x
(2)
it . Equa-
tion (1.7) is estimated.
C.3 Specification 3




























Equation (1.7) is estimated.
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C.4 Specification 4
Finally, Specification 4 extends Specification 3 by modeling the firm-specific
returns in equation (1.2) as a function of both the firm-specific random deviations


























Equation (1.7) is estimated.
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Appendix D
Variance Estimates: Previous Results
In an earlier version of this paper, an intercept for men and intercepts for
employing U.S. state were not included in the fixed portion of the model. The most
significant change between the estimates presented in this paper and those provided
in earlier drafts is the magnitude of the change in the estimated variance of the
firm-specific intercepts between Specifications 1 and 2. Table D.1 presents these
estimates.
Notice that moving from Specification 1, which includes no firm-specific re-
turns, to Specification 2, which does include firm-specific returns, the estimated
variance of the firm-specific intercepts falls from 0.2606 to 0.1774 (and remains
lower in Specifications 3 and 4). This decrease is not present in the current set of
estimates presented in Chapter 1 in which the estimated models include an intercept
for men and employing state.




Specification (1) 0.2606 * 0.3215 * 0.0682 *
Specification (2) 0.1774 * 0.3080 * 0.0579 *
Specification (3) 0.1755 * 0.3022 * 0.0551 *
Specification (4) 0.1618 * 0.2946 * 0.0552 *
* indicates significance at 5%
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Appendix E
Definitions of Fundamental LEHD Concepts
E.1 Dates
The QWI is a quarterly data system with calendar year timing. We use the
notation YYYY:Q to refer to a year and quarter combination. For example, 1999:4
refers to the fourth quarter of 1999, which includes the months October, November,
and December.
E.2 Employer
An employer in the QWI system consists of a single Unemployment Insurance
(UI) account in a given state’s UI wage reporting system. For statistical purposes the
QWI system creates an employer identifier called an State Employer Identification
Number (SEIN) from the UI-account number and information about the state (FIPS
code). Thus, within the QWI system, the SEIN is a unique identifier within and
across states but the entity to which it refers is a UI account.
E.3 Establishment
For a given employer in the QWI system, an SEIN, each physical location
within the state is assigned a unit number, called the SEINUNIT. This SEINUNIT
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is based on the reporting unit in the ES-202 files supplied by the states. All QWI
statistics are produced by aggregating statistics calculated at the establishment level.
Single-unit SEINs are UI accounts associated with a single reporting unit in the
state. Thus, single-unit SEINs have only one associated SEINUNIT in every quarter.
Multi-unit SEINs have two or more SEINUNITS associated for some quarters. Since
the UI wage records are not coded down to the SEINUNIT, SEINUNITs are multiply
imputed as described in Abowd et al. (2005). A feature of this imputation system is
that it does not permit SEINUNIT to SEINUNIT movements within the same SEIN.
Thus, for multi-unit SEINs, the definitions below produce the same flow estimates
at the SEIN level whether the definition is applied to the SEIN or the SEINUNIT.
E.4 Employee
Individual employees are identified by their Social Security Numbers (SSN) on
the UI wage records that provide the input to the QWI. To protect the privacy of
the SSN and the individual’s name, a different branch of the Census Bureau removes
the name and replaces the SSN with an internal Census identifier called a Protected
Identity Key (PIK).
E.5 Job
The QWI system definition of a job is the association of an individual (PIK)
with an establishment (SEINUNIT ) in a given year and quarter. The QWI system
stores the entire history of every job that an individual holds. Estimates are based
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on the definitions presented below, which formalize how the QWI system estimates
the start of a job (accession), employment status (beginning- and end-of-quarter
employment), continuous employment (full-quarter employment), the end of a job
(separation), and average earnings for different groups.
E.6 Unemployment Insurance wage records (the QWI system uni-
verse)
The Quarterly Workforce Indicators are built upon concepts that begin with
the report of an individual’s UI-covered earnings by an employing entity (SEIN). An
individual’s UI wage record enters the QWI system if at least one employer reports
earnings of at least one dollar for that individual (PIK) during the quarter. Thus,
the job must produce at least one dollar of UI-covered earnings during a given quar-
ter to count in the QWI system. The presence of this valid UI wage record in the
QWI system triggers the beginning of calculations that estimate whether that indi-
vidual was employed at the beginning of the quarter, at the end of the quarter, and
continuously throughout the quarter. These designations are discussed below. Once
these point-in-time employment measures have been estimated for the individual,
further analysis of the individual’s wage records results in estimates of full-quarter
employment, accessions, separations (point-in-time and full-quarter), job creations
and destructions, and a variety of full-quarter average earnings measures.
123
E.7 Employment at a point in time
Employment is estimated at two points in time during the quarter, correspond-
ing to the first and last calendar days. An individual is defined as employed at the
beginning of the quarter when that individual has valid UI wage records for the
current quarter and the preceding quarter. Both records must apply to the same
employer (SEIN). An individual is defined as employed at the end of the quarter
when that individual has valid UI wage records for the current quarter and the
subsequent quarter. Again, both records must show the same employer. The QWI
system uses beginning and end of quarter employment as the basis for constructing
worker and job flows. In addition, these measures are used to check the external
consistency of the data, since a variety of employment estimates are available as
point-in-time measures. Many federal statistics are based upon estimates of em-
ployment as of the 12th day of particular months. The Census Bureau uses March
12 as the reference date for employment measures contained in its Business Register
and on the Economic Censuses and Surveys. The BLS Quarterly Census of Em-
ployment and Wages (QCEW)1 series, which is based on the ES-202 data, use the
12th of each month as the reference date for employment. The QWI system cannot
use exactly the same reference date as these other systems because UI wage reports
do not specify additional detail regarding the timing of the wage payments. QWI
research has shown that the point-in-time definitions used to estimate beginning
and end of quarter employment track the QCEW month one employment estimates
1The QCEW were formerly known as Covered Employment and Wages (CEW).
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well at the level of an employer (SEIN). For single-unit SEINs, there is no differ-
ence between an employer-based definition and an establishment-based definition
of point-in-time employment. For multi-unit SEINs, the unit-to-worker imputation
model assumes that unit-to-unit transitions within the same SEIN cannot occur. So,
point in time employment defined at either the SEIN or SEINUNIT level produces
the same result.
E.8 Employment for a full quarter
The concept of full quarter employment estimates individuals who are likely to
have been continuously employed throughout the quarter at a given employer. An
individual is defined as full-quarter-employed if that individual has valid UI-wage
records in the current quarter, the preceding quarter, and the subsequent quarter at
the same employer (SEIN). That is, in terms of the point-in-time definitions, if the
individual is employed at the same employer at both the beginning and end of the
quarter, then the individual is considered full-quarter employed in the QWI system.
Consider the following example. Suppose that an individual has valid UI wage
records at employer A in 1999:2, 1999:3, and 1999:4. This individual does not have
a valid UI wage record at employer A in 1999:1 or 2000:1. Then, according to the
definitions above, the individual is employed at the end of 1999:2, the beginning and
end of 1999:3, and the beginning of 1999:4 at employer A. The QWI system treats
this individual as a full-quarter employee in 1999:3 but not in 1999:2 or 1999:4.
Full-quarter status is not defined for either the first or last quarter of available data.
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E.9 Point-in-time estimates of accession and separation
An accession occurs in the QWI system when it encounters the first valid UI
wage record for a job (an individual (PIK)-employer (SEINUNIT) pair). Accessions
are not defined for the first quarter of available data from a given state. The QWI
definition of an accession can be interpreted as an estimate of the number of new
employees added to the payroll of the establishment (SEINUNIT) during the quarter.
The individuals who acceded to a particular employer were not employed by that
employer during the previous quarter but received at least one dollar of UI-covered
earnings during the quarter of accession.
A separation occurs in the current quarter of the QWI system when it en-
counters no valid UI wage record for an individual-employer pair in the subsequent
quarter. This definition of separation can be interpreted as an estimate of the
number of employees who left the employer during the current quarter. These indi-
viduals received UI-covered earnings during the current quarter but did not receive
any UI-covered earnings in the next quarter from this employer. Separations are
not defined for the last quarter of available data.
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E.10 Individual concepts
Flow employment (m): for qfirst ≤ t ≤ qlast, individual i employed (matched to
a job) at some time during period t at establishment j
mijt =

1, if i has positive earnings at establishment j during quarter t
0, otherwise.
(E.1)
Beginning of quarter employment (b): For qfirst < t, individual i employed at
the end of t− 1, beginning of t
bijt =

1, if mijt−1 = mijt = 1
0, otherwise.
(E.2)
End of quarter employment (e): For t < qlast, individual i employed at j at the
end of t, beginning of t+ 1
eijt =

1, if mijt = mijt+1 = 1
0, otherwise.
(E.3)
Accessions (a1): For qfirst < t, individual i acceded to j during t
a1ijt =





Separations (s1): For t < qlast, individual i separated from j during t
s1ijt =

1, if mijt = 1 & mijt+1 = 0
0, otherwise.
(E.5)
Full quarter employment (f): For qfirst < t < qlast, individual i was employed
at j at the beginning and end of quarter t (full-quarter job)
fijt =

1, if mijt−1 = 1 & mijt = 1 & mijt+1 = 1
0, otherwise.
(E.6)




1, if mijt−4 = 0 & mijt−3 = 0 & mijt−2 = 0 & mijt−1 = 0 & mijt = 1
0, otherwise.
(E.7)








New hires to full quarter status (a3): For qfirst + 4 < t < qlast, individual
i transited from consecutive-quarter hired to full-quarter hired status at j at the
start of t+ 1 (hired in t− 1 and full-quarter employed in t)
h3ijt =

1, if h2ijt−1 = 1 & mijt+1 = 1
0, otherwise.
(E.9)
Separations from full-quarter status (s3): For qfirst+ 1 < t < qlast, individual i
separated from j during t with full-quarter status during t− 1
s3ijt =

1, if s2ijt = 1 & mijt−2 = 1
0, otherwise
(E.10)
Total earnings during the quarter (w1): for qfirst ≤ t ≤ qlast, earnings of indi-
vidual i at establishment j during period t
w1ijt =
∑
all UI covered earnings by i at j during t (E.11)
Earnings of end-of-period employees at establishment j during period t
w2ijt =

w1ijt, if eijt = 1
undefined, otherwise
(E.12)




w1ijt, if fijt = 1
undefined, otherwise
(E.13)
For qfirst ≤ t ≤ qlast, total earnings of individual i during period t
w1i•t =
∑
j employs i during t
w1ijt (E.14)
Total earnings of end-of-period employees i during period t
w2i•t =

w1i•t, if eijt = 1
undefined, otherwise
(E.15)
Total earnings of full-quarter employees i during period t
w3i•t =

w1i•t, if fijt = 1
undefined, otherwise
(E.16)
For qfirst < t, change in total earnings of individual i between periods t− 1
and t. The goal is to produce statistics based on:
∆w1i•t = w1i•t − w1i•t−1 (E.17)




w1ijt, if a1ijt = 1
undefined, otherwise
(E.18)
Earnings of full-quarter accessions to establishment j during period t
wa3ijt =

w1ijt, if a3ijt = 1
undefined, otherwise
(E.19)
Earnings of full-quarter new hires to establishment j during period t
wh3ijt =

w1ijt, if h3ijt = 1
undefined, otherwise
(E.20)
Total earnings change for accessions to establishment j during t
∆wa1ijt =

∆w1i•t, if a1ijt = 1
undefined, otherwise
(E.21)
Earnings of separations from establishment j during period t
ws1ijt =

w1ijt, if s1ijt = 1
undefined, otherwise
(E.22)




∆w1i•t+1, if s1ijt = 1
undefined, otherwise
(E.23)
Periods of non-employment prior to an accession by i at establishment j during t





nit−s, if a1ijt = 1
undefined, otherwise
(E.24)
where nit = 1 if mijt = 0 ∀j.
Periods of non-employment prior to a new hire by i at establishment j during t





nit−s, if h1ijt = 1
undefined, otherwise
(E.25)
Periods of non-employment prior to a recall by i at establishment j during t during









Periods of non-employment following a separation by i from establishment j during









For statistic xcijt denote the sum over i during period t as xc·jt. For example,





All individual statistics generate establishment totals according to the formula above.
The key establishment statistic is the average end-of-period employment growth rate
for establishment j, the components of which are defined here.
Beginning-of-period employment (number of jobs)
Bjt = b·jt (E.29)
End-of-period employment (number of jobs)
Ejt = e·jt (E.30)
133
Employment any time during the period (number of jobs)
Mjt = m·jt (E.31)
Full-quarter employment
Fjt = f·jt (E.32)
Net job flows (change in employment) for establishment j during period t
JFjt = Ejt −Bjt (E.33)










Job creation for establishment j between periods t− 1 and t
JCjt = Ējt max (0,Gjt) (E.36)
134
Job destruction for establishment j between periods t− 1 and t
JDjt = Ējt abs (min (0, Gjt)) (E.37)
Net change in full-quarter employment for establishment j during period t
FJFjt = Fjt − Fjt−1 (E.38)
Full-quarter job creations for establishment j between t− 1 and t
FJCjt = F̄jt max (0, FGjt) (E.39)
Full-quarter job destruction for establishment j between t− 1 and t
FJDjt = F̄jtabs (min (0, FGjt)) (E.40)
Accessions for establishment j during t
Ajt = a1·jt (E.41)
Separations for establishment j during t
Sjt = s1·jt (E.42)
New hires for establishment j during t
135
Hjt = h1·jt (E.43)
Full Quarter New hires for establishment j during t
H3jt = h3·jt (E.44)
Recalls for establishment j during t
Rjt = r1·jt (E.45)
Flow into full-quarter employment for establishment j during t
FAjt = a3·jt (E.46)
New hires into full-quarter employment for establishment j during t
FHjt = h3·jt (E.47)
Flow out of full-quarter employment for establishment j during t
FSjt = s3·jt (E.48)
Total payroll of all employees
W1jt = w1·jt (E.49)
136
Total payroll of end-of-period employees
W2jt = w2·jt (E.50)
Total payroll of full-quarter employees
W3jt = w3·jt (E.51)
Total payroll of accessions
WAjt = wa1·jt (E.52)





Total payroll of transits to full-quarter status
WFAjt = wa3·jt (E.54)
Total payroll of new hires to full-quarter status
WFHjt = wh3·jt (E.55)
137
Total periods of non-employment for accessions
NAjt = na·jt (E.56)
Total periods of non-employment for new hires (last four quarters)
NHjt = nh·jt (E.57)
Total periods of non-employment for recalls (last four quarters)
NRjt = nr·jt (E.58)
Total earnings of separations
WSjt = ws1·jt (E.59)





Total earnings of separations from full-quarter status (most recent full quarter)
WFSjt = ws3·jt (E.61)
138





Total periods of non-employment for separations
NSjt = ns·jt (E.63)
Average earnings of end-of-period employees
ZW2jt = W2jt / Ejt (E.64)
Average earnings of full-quarter employees
ZW3jt = W3jt / Fjt (E.65)
Average earnings of accessions
ZWAjt = WAjt / Ajt (E.66)
Average change in total earnings for accessions
Z∆WAjt = ∆WAjt / Ajt (E.67)
139
Average earnings of transits to full-quarter status
ZWFAjt = WFAjt / FAjt (E.68)
Average earnings of new hires to full-quarter status
ZWFHjt = WFHjt / FHjt (E.69)
Average periods of non-employment for accessions
ZNAjt = NAjt / Ajt (E.70)
Average periods of non-employment for new hires (last four quarters)
ZNHjt = NHjt / Hjt (E.71)
Average periods of non-employment for recalls (last four quarters)
ZNRjt = NRjt / Rjt (E.72)
Average earnings of separations
ZWSjt = WSjt / Sjt (E.73)
140
Average change in total earnings for separations
Z∆WSjt = ∆WSjt / Sjt (E.74)
Average earnings of separations from full-quarter status (most recent full quarter)
ZWFSjt−1 = WFSjt−1 / FSjt (E.75)
Average periods of non-employment for separations
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